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Abstract 

Electron- impact  ionization  and  electron  attachment  cross  sections  of 
radicals  and  excited  molecules  were  measured  using  an  apparatus  that  con¬ 
sists  of  an  electron  beam,  a  molecular  beam  and  a  laser  beam.  The  informa¬ 
tion  obtained  is  needed  for  the  pulse  power  applications  in  the  areas  of 
high-power  gaseous  discharge  switches,  high-energy  lasers,  particle  beam 
experiments,  and  electromagnetic  pulse  systems.  The  basic  data  needed  for 
the  development  of  optically-controlled  discharge  switches  were  also  invest 
igated  in  this  program.  Transient  current  pulses  induced  by  laser  irradia¬ 
tion  of  discharge  media  were  observed  and  applied  for  the  studv  of  electron 
molecule  reaction  kinetics  in  gaseous  discharges. 
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I .  Introduction 


Gaseous  discharges  are  frequentlv  used  in  high-power  discharge  switch¬ 
es.  high-energy  laser  systems,  particle  beam  experiments,  electromagnetic 
pulse  systems,  plasma  etching  and  deposition  processing  of  electronic 
materials,  ion  sources,  and  discharge  lamps.  Basic  electron  kinetics  data, 
such  as  electron-impact  ionization  and  electron  attachment  cross  sections  of 
molecules  and  radicals,  are  generally  needed  for  pulse  power  applications, 
especially  for  the  development  of  optically-  and/or  electron  beam-controlled 
opening  switches.  The  basic  kinetics  data  are  also  needed  for  the  modeling 
of  chemical  process  in  non-discharge  plasma,  for  example,  combustion  media 
in  which  electrons  exist.  '/hile  stable  molecules  are  extensively  studied, 
the  electron  kinetics  data  for  radicals  and  excited  molecules  are  little 
known.  This  lack  of  basic  information  hinders  the  progress  of  science  and 
applications  using  gas  discharges.  The  fundamental  electron  kinetics  data 
of  molecules,  radicals,  excited  molecules,  and  ions  are  being  measured  in 
the  current  research  program  under  Grant  No.  N00014- 86 -K-0558 . 

Transient  current  pulses  induced  by  laser  irradiation  of  discharge 
media  have  been  observed  in  our  laboratory  for  various  gas  mixtures  that 
contain  trace  electronegative  gases  in  buffer  gas.  These  transient  phe¬ 
nomena  could  be  used  to  obtain  electron-molecule  reaction  kinetics  data  and 
eventually  electron  transport  parameters  involving  in  gaseous  discharges. 

The  data  obtained  are  aimed  for  the  development  of  optically-controlled 
high- power  discharge  switches. 
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II.  Research  Accomplished 


The  research  results  obtained  in  the  current  funding  period  are  summar¬ 
ized  below: 

A.  Electron- Impact  Ionization  of  Radicals 

An  apparatus  that  consists  of  an  excimer  laser,  an  electron  beam,  a 
molecular  beam,  and  a  mass  spectrometer  has  been  constructed  to  measure  the 
electron-impact  ionization  of  radicals.  The  schematic  diagram  of  the 
apparatus  is  shown  in  Fig.  1  in  the  paper  attached  as  Appendix  A.  The 
radicals  were  produced  by  laser  dissociation  of  stable  molecules  that  were 
injected  into  a  vacuum  chamber  through  a  nozzle.  The  radicals  were  than 
ionized  by  energy-resolved  electron  beams.  The  ions  produced  bv  electron- 
impact  ionization  of  radicals  are  analyzed  and  detected  by  a  mass  spectro¬ 
meter  . 

Since  radicals  and  excited  molecules  are  chemically  active,  thev  exist 
onlv  in  very  short  lifetimes.  It  is  difficult  to  produce  sufficient  high 
concentrations  of  these  reactive  species  for  experiments.  This  difficulty 
makes  the  measurements  of  electron- impact  excitation  cross  sections  a 
challenging  task.  The  measurements  are  possible  by  the  recent  advance  of 
high-power  ultraviolet  excimer  lasers  that  can  produce  sufficient  high 
concentrations  of  radicals  by  photodissociation  of  molecules.  As  an  ex¬ 
ample.  the  electron- impact  ionization  cross  section  of  the  CH^  ' aaical  has 
been  measured  in  this  program.  The  CH^  radicals  were  produced  by  excitation 
of  CH^OH  with  ArF  excimer  laser  photons  (193  run).  Similar  experimental 
results  were  obtained  using  other  CH^  radical  sources,  for  example,  photo¬ 
dissociation  of  CH^Cl,  (CH^^O.  and  (CH^)^CO.  The  photoabsorption  cross 
sections  of  the  molecules  that  can  be  used  for  the  CH^  radical  sources  are 
reported  in  a  paper  attached  as  attached  as  Appendix  B.  The  cross  section 
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for  the  production  of  by  electron- impact  ionization  of  CH^OH  was 

measured  at, the  Jet  Propulsion  Laboratory,  and  was  used  to  calibrate  the 
detection  efficiency  that  converted  the  measured  CH^  ion  signal  into 
absolute  ionization  cross  section  of  CH^ .  The  results  have  been  reported  in 
more  detail  in  the  paper  attached  as  Appendix  A. 

B.  Electron- Impact  Ionization  of  Excited  Molecules 

Molecules  in  a  discharge  medium  could  be  excited  bv  electron- impact  to 
produce  excited  molecules,  radicals,  as  well  as  positive  and/or  negative 
ions.  Excited  molecules  are  abundant  in  gaseous  discharges,  and  plav 
important  roles  in  determining  discharge  characteristics.  Electron  excita¬ 
tion  cross  sections  of  excited  molecules  are  thus  important  for  theoretical 
modeling  of  discharge  processes. 

Similar  to  radicals,  the  data  for  excited  molecules  are  little  known. 
Excited  species  are  chemical  active,  and  their  lifetimes  are  short;  thus,  it 
is  difficult  to  measure  their  electron- impact  excitation  cross  sections. 

The  flux  of  excimer  lasers  _s  now  so  intense  that  they  can  be  used  to 
produce  sufficient  concentrations  of  excited  molecules  for  cross  section 
measurements.  As  an  example,  the  electron- impact  dissociative  ionization 

it 

process  of  excited  N ^  was  investigated  in  this  research  program  using  the 
apparatus  constructed  for  the  study  of  radicals.  The  molecules  were 
excited  into  the  metastable  state  by  ArF  laser  photons,  and  then 

dissociatively  ionized  by  electron  beam.  The  dissociation  products  were 
analyzed  and  detected  by  a  mass  spectrometer.  The  experimental  results  are 
described  in  more  detail  in  a  paper  attached  as  Appendix  C. 

C.  Electron  Attachaent  to  Molecules  in  Discharges 

Current  switching  by  laser  irradiation  of  DC  discharge  media  has  been 
observed  in  our  laboratory.  Discharge  current  increases  immediatelv  after 
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the  laser  pulse,  and  then  decreases  below  the  DC  level  before  recovery.  The 

current  increase  is  due  to  photoelectrons  produced  by  laser  photodetachment 

3 

of  negative  ions.  The  current  could  increase  by  a  factor  of  about  10  . 

which  is  equal  to  the  ratio  of  electron  drift  velocity  to  negative  ion  drift 

velocity.  The  current  decrease  is  likely  due  to  electron  attachment  to 

radicals  and/or  excited  molecules  produced  bv  laser  irradiation  of  molecules 

in  discharges.  Since  current  switching  is  useful  for  the  development  of 

optically-controlled  discharge  switches,  further  studies  of  the  electron- 

molecule  reaction  kinetics  in  discharges  are  of  interest. 

The  current  increase.  AI .  is  proportional  to  the  negative  ion  density. 

n  .  photodetachment  cross  section,  a,,  laser  power.  I  .  and  electron  drift 
e  d  v 

velocity,  v  namelv. 
d 

AI  =  C  n  a  I  v  (1) 

e  d  v  d 

where  C  is  a  constant  that  includes  the  geometry  factor  and  detection 
efficiency . 

The  negative  ion  density  is  an  important  factor  in  determining  the 
magnitude  of  current  switching.  However,  the  densities  of  negative  ions  in 
discharge  media  that  contain  halogen  compounds  are  not  well  studied.  In  the 
present  experiment,  negative  ions  are  produced  by  electron  attachment  to 
electronegative  gases  mixed  in  a  buffer  gas.  The  production  rate  of  a 
negative  ion  is  determined  by  the  electron  attachment  rate  constant  and  the 
production  yield  for  the  ion.  The  electron  attachment  rate  constants  have 
been  measured  in  our  laboratory  for  many  electronegative  molecules,  even 
though  additional  molecular  data  are  still  needed.  As  an  example,  the 
electron  attachment  rate  constant  of  BCl^  was  measured  in  this  research 
program,  and  the  results  are  described  in  a  paper  attached  as  Appendix  D. 


(012S90 ) 


7 


An  apparatus  has  been  constructed  to  study  the  production  mechanisms 
and  to  measure  the  concentrations  of  negative  ions  in  discharge  media  as 
shown  in  Fig.  1  of  Appendix  D.  The  apparatus  that  consists  of  a  mass 
spectrometer,  an  excimer  laser,  and  a  differential  pump  station  was  funded 
bv  the  DOD  Instrumentation  Program.  The  negative  ions  produced  by  hollow- 
cathode  discharges  of  trace  electronegative  molecules  in  a  buffer  are 
extracted  to  the  mass  spectrometer  through  a  skimmer  hole.  This  apparatus 
has  been  tested  by  analyzing  the  negative  ions  produced  in  the  discharge 
medium  of  BC1  in  N  .  The  results  are  described  in  more  detail  in  the  paper 
attached  as  Appendix  D.  which  has  been  accepted  for  publication  in  the 
Journal  of  Applied  Phvsics. 

D.  Laser  Detachment  of  Negative  Ions  in  Discharges 

Techniques  for  measuring  the  negative  ion  concentrations  and  other 
electron  transport  parameters  (electron  and  ion  drift  velocities,  electric 
fields,  electron  energy  distributions,  etc.)  are  being  pursued.  This 
information  is  needed  for  the  theoretical  modeling  of  discharge  processes 
and  for  practical  applications  in  the  design  of  discharge  switches:  however, 
techniques  for  measuring  these  parameters  are  not  well  developed,  and  they 
are  being  investigated  in  this  program.  The  results  are  described  in  detail 
in  a  paper  attached  as  Appendix  E. 
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Mcthsi  radicals  iCH.,1  were  produced  b>  phoiodissociaiion  ol'CHiCH  with  ArT  excimer  laser  photons  at  193  nm.  Electron- 
■mpact  ionization  cross  sections  of  CH  t  were  measured  at  electron  energies  from  ionization  threshold  1 9.84  eV  l  to  14  eV  The 
electron-impact  ionization  cross  sections  for  dissociation  ol'CH  ,OH  into  various  fragment  ions  at  100  eV  are  also  reported  in  this 
paper 


1.  Introduction 

Radicals  are  abundant  in  discharge  media  that  are 
mainly  produced  by  electron-impact  dissociation  of 
stable  molecules.  Electron-impact  ionization  cross 
sections  of  radicals  are  the  most  fundamental  data 
needed  for  understanding  the  radical  chemistry  in 
gaseous  discharges.  However,  the  data  for  radicals 
are  sparse  because  of  experimental  difficulty.  This 
paper  reports  the  measurement  of  CH,.  The  data  are 
needed  for  modeling  gaseous  discharge  media  con¬ 
taining  methyl  compounds,  which  are  frequently  used 
for  the  CH,  radical  sources  in  diamond  film  depo¬ 
sition  and  for  the  study  of  fast  gaseous  discharge 
switches  as  well. 

In  the  current  experiment,  the  CH,  radical  was 
produced  by  photodissociation  of  CH,OH  by  ArF 
excimer  laser  photons  at  193  nm.  CH,  was  then  ion¬ 
ized  by  electron  impact.  The  electron-impact  ioni¬ 
zation  cross  section  was  determined  by  comparing 
the  CHf  ion  intensity  observed  from  electron  im¬ 
pact  of  CH,  with  that  of  CH,OH. 

Alsoat  the  Department  of  Chemist  San  Diego  State  Univer¬ 
sity.  San  Diego,  CA  92182.  LA  A 


2.  Experimental 

2.1.  Apparatus 

The  experimental  apparatus  is  shown  in  fig,  1 .  The 
apparatus  consists  of  an  electron  beam,  a  molecular 
beam  nozzle,  an  excimer  laser  (Lumomcs-510),  a 
mass  spectrometer  (Extrel )  and  a  vacuum  chamber. 
The  vacuum  chamber  was  a  cross  of  10  in.  outer  di- 


Fig.  I .  Schematic  diagram  of  apparatus 
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ameter  that  was  pumped  by  a  1500  C/s  turbomolec- 
ular  pump  (Balzer  TSU-1500).  The  electron  beam 
was  produced  by  an  electron  gun  for  which  the  de¬ 
sign  was  described  before  [  1  ].  The  electron  beam 
was  confined  by  a  magnetic  field  generated  by  a  so¬ 
lenoid.  The  cross  sectional  area  of  the  electron  beam 
was  about  1  mm  in  diameter.  The  electron  beam  was 
extracted  from  a  hot  filament  by  applying  a  pulse 
voltage  to  the  electron  extractor.  The  molecular  beam 
produced  by  flowing  CH,OH  through  a  stainless  steel 
nozzle  which  was  1 .0  mm  inner  diameter  and  4.0  mm 
long.  The  molecular  beam  crossed  the  electron  beam 
at  90 = .  The  cross  sectional  area  of  the  laser  beam  was 
1.19x0.40  =  0.476  cnr  (the  short  side  in  vertical), 
and  passed  the  electron-molecule  interaction  region 
in  a  direction  perpendicular  to  the  electron  beam. 
The  laser  beam  entered  the  vacuum  chamber  through 
a  MgF:  window,  and  the  laser  power  was  measured 
by  a  power  meter  (Scientech ).  The  ions  produced  by 
electron-impact  ionization  were  extracted  by  an  elec¬ 
tric  field  in  the  direction  perpendicular  to  both  the 
electron  and  the  laser  beams.  The  extraction  electric 
field  was  established  by  two  wire  meshes  separated 
10  mm.  The  electron  beam  propagated  along  the 
central  line  between  them.  The  extracted  ions  were 
accelerated  to  300  V  and  were  then  focused  into  the 
entrance  of  the  quadrupole  mass  spectrometer.  The 
ions  were  detected  by  a  channeltron. 

The  output  pulses  from  the  channeltron  were  am¬ 
plified  and  counted  by  a  200  MHz  photon  counter 
system  (Stanford  Research  System  SR400).  The  fast 
photon  counter  was  controlled  by  a  microcomputer, 
which  was  also  used  to  accumulate  and  to  analyze 
the  data.  The  counter  gates,  the  excimer  laser,  and 
the  electron  beam  pulses  were  triggered  by  a  pulse 
generator  ( Hewlett-Packard )  that  provided  double 
pulses  with  varied  delay  times.  A  multichannel  scaler 
( Canberra )  was  also  used  to  accumulate  the  ion  sig¬ 
nals  as  a  function  of  time. 

The  pressure  in  the  vacuum  chamber  was  moni¬ 
tored  by  a  cold  cathode  gauge  installed  about  50  cm 
from  the  electron-gas  interaction  region.  The  ulti¬ 
mate  background  pressure  was  about  3x10"“  mbar. 
and  the  gas  pressure,  typically  used  in  the  experi¬ 
ment,  was  in  the  10" 7  mbar  range  as  measured  by 
the  cold  cathode  gauge.  The  gas  pressure  in  the  beam 
interaction  region  was  measured  to  be  about  two  or¬ 
ders  of  magnitude  higher  than  the  background  pres¬ 


sure.  This  pressure  gradient  was  determined  by 
measuring  the  ion  signals  produced  by  admitting  the 
gas  through  the  molecular  beam  nozzle  and  through 
a  side  gas  inlet  that  provided  the  same  background 
pressure.  The  CH3OH  vapor  was  obtained  from 
methanol  ( with  purity  of  99.9% )  which  was  purified 
by  liquid  nitrogen. 

2.2.  Data  acquisition  procedure 

The  time  sequence  for  laser  pulse,  double  electron 
beam  pulses  and  counter  gates  are  depicted  in  fig.  2. 
The  laser  pulse  ( 10  ns  duration)  served  as  the  time 
reference  ( /  =  0 ).  The  electron  beam  pulses  of  du¬ 
ration.  tc,  had  a  delay  time.  /ed,  from  the  laser  pulse 
and  a  separation  time.  t„.  A  two-channel  counter  was 
used  with  a  duration  of  ic  for  each  gate.  The  delay 
time,  tea,  and  the  separation  time.  of  the  counter 
gates  could  be  set  differently  from  the  electron  beam 
pulses.  tcd  was  set  slightly  longer  than  ted,  and  rc,  was 
nearly  equal  to  r„  of  about  1  ms.  The  CH5  radicals 
produced  by  laser  excitation  were  subsequently  ion¬ 
ized  into  CH,+  by  the  first  electron  beam  pulse.  The 
ionization  threshold  of  CH,-CHr  +e  is  at  9.84  eV 
[2],  The  CH?  ions  were  counted  by  the  channel  A. 
CH*  can  also  be  produced  by  dissociative  electron- 
impact  ionization  of  CHvOH  if  the  electron  energy, 
£c,  is  higher  than  the  threshold  for  dissociative  ion¬ 
ization  of  CH3OH  at  13.5  eV  [3].  The  channel  A 
could  include  two  signals  -  one  from  electron-impact 
ionization  of  CH}  and  the  other  from  dissociative 
ionization  of  CHiOH.  The  second  electron  pulse  was 
far  away  from  the  laser  pulse  so  that  the  radicals  were 
pumped  away  from  the  interaction  region,  and  the 
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Fig.  2.  T one  sequence  for  laser  pulse,  double  eleciron  beam  pulses, 
and  counter  gales. 
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signal  of  channel  B  is  only  due  to  electron-impact 
ionization  of  CH,OH.  The  difference  between  chan¬ 
nels  A  and  B  represents  the  signal  due  to  electron- 
impact  ionization  of  CHi. 

3.  Results  and  discussion 

3  1  Dependence  of  ton  intensity  on  delay  time 

The  CHf  ion  intensity  was  observed  by  channel 
A  at  varied  delay  time  from  laser  pulse.  The  CHf 
ion  intensity  in  the  first  200  ps  is  larger  than  the 
background  observed  at  long  delay  time.  The  addi¬ 
tional  laser-enhanced  ion  intensity  is  produced  by 
electron-impact  ionization  of  CHi  and/or  CH.OH 
in  electronically  excited  states.  Since  the  photoab¬ 
sorption  cross  section  of  CH.OH  around  193  nm  is 
a  continuum  [4],  laser  excitation  ofCHjOH  mainly 
leads  to  dissociation,  that  is.  the  enhanced  signals  are 
mainly  due  to  dissociation  products.  CHj. 

The  decay  time  of  the  enhanced  signal  represents 
the  time  that  the  CH,  radicals  exist  in  the  electron 
beam  region.  At  the  exit  of  the  molecular  beam  noz¬ 
zle.  the  molecular  flow  velocity  in  the  electron  beam 
region  could  be  of  the  order  of  103— 10“  cm/s.  The 
time  spent  by  slow  radicals  in  the  laser  beam  region 
is  thus  expected  to  be  of  the  order  of  few  hundred  ps. 
The  observed  decay  time  (about  200  us)  of  the  en¬ 
hanced  signal  is  consistent  with  this  expectation.  A 
fraction  of  the  radicals  produced  by  photodissocia- 
tion  could  carry  high  kinetic  energies,  depending  on 
the  potential  surface  that  the  dissociation  process 
takes  place.  The  exothermicity  for  photodissociation 
of  CH.OH  intoCH,+OHat  193nm  is  about  2.4  eV. 
A  fraction  of  the  radicals  could  acquire  translational 
energy  from  the  exothermic  energy  such  that  the  rad¬ 
icals  have  high  velocity.  These  fast  radicals  could 
move  away  from  the  electron  beam  region  in  a  short 
time  such  that  they  are  not  detected. 

3  2.  Dependence  of  ion  intensity  on  gas  pressure, 
electron  current,  and  laser  power 

The  CHf  ion  intensity  from  ionization  of  the  CH, 
radical  by  each  electron  beam  pulse  is  given  by 

.V,  =A'<7r  I  Xcn,  dV.  (!) 


where  A"  is  a  constant  including  ion  extraction  effi¬ 
ciency  and  ion  detection  efficiency.  <rc  is  the  elec¬ 
tron-impact  ionization  cross  section.  A,  is  the  number 
of  electrons  per  unit  area  per  electron  pulse,  n,  is  the 
radical  concentration,  and  the  integral  is  earned  over 
the  overlap  region  of  the  electron  beam,  laser  beam, 
and  molecular  beam. 

The  radical  concentration  can  be  determined  from 
the  laser  flux.  /„,  and  the  CH.OH  concentration,  n.. 
by 

n,  =fo„nQ  ,  ( 2  ) 

where  er,,  is  the  cross  section  for  photodissociation  of 
CH.OH  into  CHj  +  OH  at  193  nm.  The  validity  of 
this  calculation  is  under  the  assumption  that  and 
/„  are  uniform  over  the  interaction  volume.  Since  the 
interaction  volume  is  quite  small,  this  assumption  vs 
reasonably  good. 

Substituting  <2)  into  ( 1 ).  we  have 
.V,  =K[,o„ae  |  ,VC  rt.  d  V .  (  3 ) 

This  equation  shows  that  the  CH  f  ion  intensity 
is  proportional  to  laser  power,  electron  beam  cur¬ 
rent.  and  gas  pressure.  This  assertion  was  tested  by 
measuring  the  laser-enhanced  signal  as  a  function  of 
these  parameters.  The  results  are  shown  in  fig.  3.  The 
data  were  measured  with  the  time  variables  of  fP  =  300 
ps.  tca  =  2  ps.  /„  =  1 .0  ms.  fc  =  400  qs.  =  20  qs.  and 
r„  =  960  qs.  For  the  pressure  dependence  shown  in 
fig.  3a,  the  electron  energy  was  1 3.0  eV.  the  electron 
beam  current  was  75  nA  averaged  over  30  double 
pulses,  and  the  laser  flux  was  30.0  mJ/cnr  per  pulse 
at  30  Hz.  For  the  electron  beam  current  dependence 
shown  in  fig.  3b,  the  electron  energy  was  1 3.0  eV.  the 
gas  pressure  was  4.0 X  10' 7  mbar.  and  the  laser  flux 
was  31.0  mJ/cnr.  For  the  laser  flux  dependence 
shown  in  fig.  3c.  the  electron  energy  was  1 5.0  eV,  the 
gas  pressure  was  1.1  X  10~7  mbar,  and  the  electron 
beam  current  was  645  nA.  As  expected,  the  laser-en¬ 
hanced  CHf  ion  intensity  depends  linearly  on  gas 
pressure,  electron  beam  current,  and  laser  flux.  Those 
results  support  the  assertion  that  the  laser-enhanced 
signal  is  due  to  electron-impact  ionization  of  CH,. 

3.3.  Electron-impact  ionisation  function  ofCH , 

The  CHf  ion  intensity  was  measured  as  a  func- 
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Fig  i.  Laser-enhanced  CHf  ion  signals  as  a  function  of  (at  gas 
pressure,  i  b  I  electron  beam  current,  and  (c)  laser  flux. 


10  20 
ELECTRON  ENERGY  (eV) 

Fig.  4  (a)  CHf  ion  intensities  measured  bv  channels  A  and  B  as 
a  function  of  electron  energy.  ( b )  The  difference  between  the  sig¬ 
nals  of  channels  A  and  B. 

at  electron  energy  higher  than  15  eV.  because  both 
channels  A  and  B  have  large  signals  and  their  sta¬ 
tistical  uncertainties  become  high. 

5.4.  Electron-impact  ionization  cross  sections  of 
CH}  and  CH,OH 


non  of  electron  energy  as  shown  in  fig.  4.  The  time 
variables  were  set  at  r„  =  300  (is,  fc<J  =  2  (is,  fc,=  1.0 
ms.  i,  =  400  ns.  cd  =  20  (is,  and  fc,  =  960  ns.  The  av¬ 
erage  laser  flux  was  29.9  mJ/crrr  each  pulse.  The  av¬ 
erage  electron  beam  current  was  540  nA,  and  the  gas 
pressure  was  l.6x  10' 7  mbar. 

As  shown  in  fig.  4a,  channel  A  has  a  constant  sig¬ 
nal  more  than  channel  B  at  electron  energy  lower  than 
10  eV.  This  additional  signal  is  due  to  multiphoton 
dissociative  ionization  of  CH3OH  by  laser  photons. 
At  electron  energy  higher  than  10  eV,  the  signal  of 
channel  A  increases  systematically  with  increasing 
electron  energy.  Channel  B  starts  to  show  significant 
signal  at  about  14  eV.  The  difference  between  A  and 
B  is  shown  in  fig.  4b,  which  represents  the  relative 
ionization  cross  section  for  the  process 

e+CH,— CHf  +2e  .  (4) 

The  fluctuation  of  the  data  shown  in  fig.  4b  is  high 


The  absolute  electron-impact  ionization  cross  sec¬ 
tion  of  CH,  can  be  determined  by  comparing  the 
CH,*  ion  intensity  observed  from  electron-impact 
ionization  of  CH,  with  other  systems,  for  which  the 
cross  sections  are  known.  The  dissociative  electron- 
impact  ionization  of  CH,OH, 

e  +  CH,OH-CH,* +OH  +  2e,  (5) 

is  chosen  for  the  calibration.  This  system  has  the  fol¬ 
lowing  advantages:  ( i )  same  CH  ,*  is  detected  so  that 
the  detection  efficiency  is  essentially  the  same,  and 
( ii )  CH  ,OH  is  the  parent  molecule  of  the  radicals  so 
that  their  spatial  distribution  in  molecular  beams  are 
similar. 

The  CH,*  ion  intensity  produced  by  process  (5) 
is  given  by 

iV0  =  /f  ff0  J  .V.iiodl".  (6) 
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where  A'  is  a  constant  that  includes  the  extraction 
efficiency  and  the  detection  efficiency,  and  <r0  is  the 
electron-impact  ionization  cross  section  for  process 
(5). 

The  ratio  of  .V,  and  .V,  shown  in  eqs.  ( 3 )  and  ( 6 ) 
is  thus  equal  to 

=  (7) 

or 

<7,  =  (.V,/.V0)  (A"  /A)  0jl,0„  ,  (8) 

where  the  spatial  distributions  of  both  CH,  and 
CH,OH  are  assumed  to  be  the  same. 

The  radical  ionization  cross  section  can  thus  be 
determined  from  the  ion  signals,  the  iaser  fiux.  and 
other  parameters  that  are  predetermined.  The  A'  and 
A  may  be  different  due  to  different  extraction  effi¬ 
ciencies  of  the  CH,*  ions  that  carry  different  kinetic 
energies.  This  difference  is  compensated  by  adjust¬ 
ing  the  extractor  voltage,  w  hich  was  set  at  8  V  so  that 
the  extraction  efficiencies  for  both  systems  were 
nearly  in  the  saturation  level.  Under  this  condition, 
we  assume  that  A'  is  equal  to  A.  The  photoabsorp- 
tion  cross  section  of  CH,OH  at  193  nm  is 
a„  =  3.0x  lO*19  cm:  [4],  The  absorption  is  a  dis¬ 
sociative  process  that  may  mainly  lead  to  CH,  +  OH. 
The  electron-impact  ionization  cross  sections  of 


Table  1 

Electron-impact  ionization  cross  sections  of  CH ,OH  at  VOOeV 


Ion  species 

Cross  section 
(  (0* cm: ) 

CH,OH  * 

M3. 16 

CH.OH  * 

154.70 

CHOH  * 

1 2.35 

CHO* 

93.45 

CO* 

11.68 

H.O* 

0.49 

H,0* 

2.88 

OH* 

2.02 

O* 

1.20 

cht 

40  01 

ch; 

6  50 

CH* 

0.27 

c* 

1  76 

H  ‘ 

fJ 

OO 

-J 

H* 

0  85 

total  Iff, ) 

470  06 

„  40  i - 

au  e  +  CH3  — .  CHj-t  2e 

o 
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Fig.  5.  Electron-impact  ionization  cross  section  ofCH,  as  a  hinc- 
tion  of  electron  energy. 

CHjOH  into  various  ion  fragments  were  measured 
by  the  apparatus  at  the  Jet  Propulsion  Laboratory 
[  5  ] .  The  data  at  1 00  eV  are  listed  in  table  )  The 
totai  ionization  cross  section.  ctt-  which  is  the  sum 
of  all  partial  cross  sections,  is  4. 70  x  1 0  ~ 1 6  enr.  This 
is  in  good  agreement  with  the  value  of  4.6x  10"  l& 
enr  measured  by  Dune,  Cadez  and  Kurepa  [6], 
Based  on  the  above  parameters  as  well  as  the  mea¬ 
sured  ion  signals  and  laser  fluxes,  the  cross  sections 
for  the  electron-impact  ionization  of  CH,  are  shown 
in  fig.  5.  The  experimental  uncertainty  due  to  the 
statistical  fluctuation  is  less  than  7%.  The  system¬ 
atical  error  is  difficult  to  determine,  however,  it  is 
estimated  to  be  within  a  factor  2  of  the  given  value. 
The  assumption  that  the  spatial  distribution  of  CH, 
radicals  is  the  same  as  that  of  CH,OH  may  cause  a 
large  uncertainty.  Since  the  energy  distribution  of  the 
CH,  radicals  depends  on  the  method  of  radical  pro¬ 
duction,  the  cross  section  obtained  in  this  experi¬ 
ment  is  only  an  “apparent”  value.  It  is  of  interest  to 
compare  this  measured  cross  section  with  the  values 
measured  by  other  CH,  sources.  The  current  cross 
section  of  CH,  is  comparable  with  that  of  CD,  mea¬ 
sured  by  Baiocchi  et  al.  [  7  ]  using  a  fast  ion  beam  for 
the  radical  source. 


4.  Concluding  remarks 

The  electron-impact  ionization  of  CH,  is  investi¬ 
gated  in  the  10-22  eV  region.  The  absolute  ioniza¬ 
tion  cross  section  in  electron  energy  10-14  eV  is 
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determined  by  comparing  the  CHT  ion  intensity 
from  electron-impact  ionization  of  CH5  with  that  of 
CH.OH.  The  electron-impact  ionization  cross  sec¬ 
tions  for  dissociation  of  CH-.OH  into  various  ion 
fragments  at  100  eV  are  also  reported. 
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The  photoabsorption  and  fluorescence  cross  sections  of  chloromethanes  were  measured  :n  the  \OS-22D  am  region  using 
synchrotron  radiation  as  a  light  source.  The  fluorescence  threshold  for  CG4  vs  at  152  nm  with  a  maxima  yield  of  3%  at  113 
nm.  The  fluorescence  results  from  the  CCI;(A-X)  system.  For  CHClj.  the  fluorescence  threshold  is  at  1S5  nm  with  a 
maximum  yield  of  0.6$  at  110  nm.  For  CH2CI2.  the  threshold  is  at  137  nm  with  a  maximum  yield  of  035$  at  107  nm  The 
fluorescence  yield  of  CHjCl  is  very  small  with  an  upper  limit  of  0.02%.  The  photodissoctatton  processes  are  discussed  in 
accord  with  the  fluorescence  data  observed.  Vibrational  structures  in  CHCI,  and  CH,C/2  are  observed  and  classified  into 
progressions. 


1.  Introduction 

Fluorescence  from  vacuum  ultraviolet  (Y\JV) 
photolysis  of  CC14  was  recently  observed  and 
identified  to  be  the  CC12(A'B,  -»X,A,)  system 
[1],  The  fluorescence  excitation  spectnun  was  re¬ 
ported  [1],  but  the  fluorescence  cross  section  and 
quantum  yield  were  not  measured.  It  is  of  interest 
to  measure  the  quantitative  data,  because  they  are 
important  for  understanding  photodissociation 
processes  as  well  as  for  practical  applications.  For 
example,  the  production  yields  of  atomic  Cl  from 
photolysis  of  chlorine  compounds  are  of  interest 
in  the  study  of  atmospheric  and  intersteller  chem¬ 
istry  and  in  the  chemical  etching  of  semiconductor 
materials.  Photolyses  of  chloromethanes  could  be 
sources  of  CH,  ( x  “  1-3)  radicals. 

The  absolute  cross  sections  for  photoabsorption 
and  fluorescence  of  chloromethanes  (CC14, 
CHCI,,  CH2C12  and  CH3C1)  were  measured  using 
synchrotron  radiation  as  a  light  source.  The  ab¬ 
sorption  cross  sections  are  used  to  compare,  with 
previous  values  [1-5]  that  are  somewhat  con- 
troversal  [1].  The  quantitative  fluorescence  cross 

1  Also  at:  Department  of  Chemistry,  San  Diego  State  Univer¬ 
sity,  San  Diego.  CA  92182,  USA. 


sections  and  quantum  yields  reported  here  are 
new  results. 


2.  Experimental 

The  experimental  arrangement  has  been  de¬ 
scribed  in  previous  papers  [6.7],  In  brief,  synchro¬ 
tron  radiation  produced  from  the  electron  storage 
ring  at  the  University  of  Wisconsin  was  dispersed 
by  a  1  m  Seya  vacuum  monochromator.  The  ab¬ 
sorption  cross  section  was  measured  by  the  at¬ 
tenuation  of  light  source  by  molecules  in  a  gas  cell 
of  39.2  cm  path  length.  The  experimental  uncer¬ 
tainty  for  the  absorption  cross  section  is  estimated 
to  be  within  10%  of  the  given  value.  The  VUV 
light  intensity  was  measured  by  a  combination  of 
sodium  salicylate  coated  on  a  window  and  a  pho¬ 
tomultiplier  tube  (PMT).  The  fluorescence  was 
observed  in  a  direction  perpendicular  to  the  light 
source  by  a  PMT  (EMI  9558QB),  for  which  the 
response  was  about  constant  in  the  180-400  nm 
region  and  then  gradually  decreased  to  nearly  zero 
at  atyjut  800  nm.  The  absolute  fluorescence  cross 
section  was  obtained  by  comparing  the  fluores¬ 
cence  intensity  with  the  OH(A-X)  fluorescence 
produced  from  photodissociative  excitation  of 
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H:0,  for  which  the  fluorescence  cross  section  is 
known  [6,7].  The  PMT  response  was  not  corrected 
in  the  absolute  fluorescence  measurement.  The 
fluorescence  cross  section  could  be  higher  than  the 
given  value  by  a  factor  of  two,  if  the  correction  for 
the  PMT  response  is  made. 

Liquid  CC14  was  supplied  by  EM  Industries 
with  a  stated  purity  of  better  than  99.9%.  Liquid 
CHC1,  and  CH;C1;  were  supplied  by  Fisher  Sci¬ 
entific  with  purities  of  better  than  99.7%  and 
99.9%,  respectively.  These  liquids  were  degassed 
by  cooling  down  to  solid  with  liquid  N2.  The 
samples  were  repeatedly  purified  such  that  the 
absorption  due  to  possible  impurities,  such  as  0:, 
was  not  observed  in  the  absorption  spectra.  CHjCl 
was  supplied  by  Matheson  with  a  purity  of  better 
than  99.5%.  and  was  used  in  the  experiment  as 
delivered. 


3.  Results  and  discussion 

3.1.  CCl4 

The  absorption  cross  section  of  CC14  in  the 
105-220  nm  region  is  shown  in  fig.  1,  which  was 
measured  with  a  monochromator  resolution  of  0.2 
nm.  The  absorption  bands  have  been  assigned  to 
Rydberg  states  as  discussed  by  several  investiga¬ 
tors  [3,8],  and  the  assignment  given  by  Robin  [8]  is 
indicated  in  fig.  1.  The  discrepancy  between  the 
earlier  absorption  data  has  been  pointed  out  by 
Ibuki  et  al.  (1).  The  current  result  agrees  within 
experimental  uncertainty  with  the  data  of  Russell 
et  al.  [3]  in  the  110-200  nm  region,  but  it  is  higher 
than  the  data  of  Ibuki  et  al.  by  about  40%  in  the 
110-135  nm  region. 

The  cross  section  for  the  production  of  fluores¬ 
cence  from  photodissociative  excitation  of  CC14  is 
shown  in  fig.  1.  The  fluorescence  was  observed 
simultaneously  with  the  absorption  measurement. 
The  fluorescence  has  been  attributed  to  the 
CClj(A-X)  system  (1).  The  structure  shown  in  the 
fluorescence  cross  section  is  very  similar  to  that  of 
the  absorption  cross  section. 

The  fluorescence  yield,  which  is  defined  as  the 
ratio  of  fluorescence  cross  section  to  absorption 
cross  section,  is  shown  in  fig.  2a.  The  fluorescence 
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Fig.  1.  Pholoabsorptioo  ( - )  and  fluorescence  I---)  cross 

sections  of  CC14  measured  with  a  monochromator  resolution 
of  0.2  nm. 

yield  starts  at  152  nm.  increases  to  a  plateau  of 
about  1%  at  130  nm,  and  then  reaches  a  maximum 
of  about  3%  at  113  nm. 

The  fluorescence  yield  is  a  measure  of  the  inter¬ 
action  strength  between  the  initial  excited  state 
and  the  repulsive  state  that  produces  the  emitting 
species.  The  vertical  energy  of  the  repulsive  state 


Fig.  2.  Fluorescence  quantum  yields  of  (a)  CC14.  (b)  CHC1,. 
and  (c)  CHjCIj.  The  calculated  thresholds  for  the  dissociation 
processes  lhat  produce  CC1  j  (A-X)  fluorescence  are  indicated. 
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can  be  detennoif  from  the  wavelength  at  the 
maximum  fluorescence  yield.  The  first  repulsive 
state,  which  has  a  maximum  fluorescence  yield  at 
128  nm  (vertical  energy  of  9.7  eV),  may  dissociate 
into  CC12(A)  +  Cl2.  The  threshold  wavelength  for 
this  process  is  at  224  nm.  The  second  repulsive 
state,  which  has  a  maximum  fluorescence  yield  at 
113  nm  (vertical  energy  of  11.0  eV),  likely  dissoci¬ 
ates  into  CC12(A)  +  2C1.  The  threshold  for  this 
process  is  at  155  nm.  The  threshold  wavelengths 
are  calculated  using  the  heats  of  formation  for 
CC14,  CC12,  and  Cl  of  -22.42,  56.7,  and  28.587 
kcal/mol,  respectively  (9,10),  the  dissociation  en¬ 
ergy  of  D0(C1-C1)  =  2.479  eV  [11],  and  the  excita¬ 
tion  energy  for  the  CC12(A  'B,(0,  0,  0)  «- 
X  'A  j  (0,  0,  0))  transition  of  2.1  eV  (12). 


WAVElENG" m  rm ) 


2.2.  CHClj 

2.2.1.  Photoabsorption 

The  photoabsorption  cross  section  of  CHC13  is 
shown  in  fig.  3,  which  was  measured  with  a  mono¬ 
chromator  resolution  of  0.4  nm.  The  current  result 
is  generally  higher  than  the  data  of  Russell  et  al. 
[3]  by  about  25%,  and  significantly  higher  than  the 
data  of  Lucazeau  and  Sandorfy  [2]. 

The  absorption  bands  of  CHCl,  have  been 
previously  assigned  to  Rydberg  transitions  (3,8), 
and  the  assignment  given  by  Rohm  [8]  is  indicated 
in  fig.  3.  In  addition  to  the  broad  absorption 
bands,  weak  vibrational  structures  were  observed 
in  the  absorption  spectrum.  The  absorption  spec¬ 
trum  measured  with  a  monochromator  resolution 
of  0.04  nm  is  shown  in  fig.  4.  The  first  vibrational 
progression  is  superimposed  on  the  3e  -» 4p  Ryd¬ 
berg  transition,  indicating  that  the  vibrational  pro¬ 
gression  may  be  a  member  of  the  Rydberg  series 
converging  to  the  2E  ion  state  of  CHClj.  The 
absorption  spectra  for  the  D(la2  -*4p)  and  X(3e 
-*  4p)  Rydberg  transitions  are  very  similar  to  the 
photoelectron  spectra  of  the  2A2  and  2E  ion  states 
of  CHClj  (13,14).  This  similarity  further  suggests 
that  the  first  level  of  the  vibrational  progression  at 
136.61  nm  likely  converges  to  the  threshold  of  the 
2E  ion  state  which  is  at  11.6  eV  (13,14).  Based  on 
this  assumption,  the  effective  quantum  number  for 
the  Rydberg  transition  is  calculated  by  the  Ryd¬ 


Fig.  3  Photoabsorption  ( - )  and  fluorescence  (•--)  cross 

sections  of  CHCl,  measured  with  a  monochromator  resolution 
of  0.4  nm. 

berg  formula. 

v  -  v0  -  109737/n*2.  (1) 

where  v0  =  93560  cm'1  is  the  threshold  potential 
energy  of  the  2E  ion  state  (13.14).  The  effective 
quantum  numbers,  wavelengths,  wave  numbers, 
and  vibrational  frequencies  for  the  tentatively  as- 


Fig.  4.  Photoabsorption  spectrum  of  CHCl,  measured  with  a 
monochromator  resolution  of  0.04  nm.  The  wavelength  posi¬ 
tions  for  the  vibrational  progressions  of  tentatively  assigned 
Rydberg  senes  are  indicated. 
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signed  vibrational  progressions  of  other  Rydberg 
members  are  listed  in  table  1  as  well  as  indicated 
in  fig.  4.  The  wavelength  is  calibrated  against  the 
known  absorption  spectra  of  CH3C1  [15]  and  H;0 
[16]  which  were  measured  in  the  same  experiment. 
The  uncertainty  for  the  wavelength  calibration  is 
estimated  to  be  0.1  nm  for  the  absolute  value  and 
0.02  nm  for  the  relative  value. 

As  listed  in  table  1,  the  average  frequency  for 
the  vibrational  progressions  is  about  410  cm"1. 
This  value  is  close  to  the  v3  frequency  (CC13 
symmetrical  deformation  mode)  of  the  ground 
state  of  CHC13  (363  cm"1)  [17,18],  As  shown  in 
fig.  4,  each  vibrational  band  has  a  double  peak 
with  a  frequency  separation  of  about  120  cm'1. 

3.2.2.  Fluorescence 

The  cross  section  for  the  production  of  fluo¬ 
rescence  from  photodissociative  excitation  of 
CHCl3was  simultaneously  measured  with  the  ab- 


Table  1 

The  effective  quantum  numbers,  n*  wavelengths,  X,  wave 
numbers,  r.  and  vibrational  frequencies,  'Av,  for  the  tenta¬ 
tively  assigned  vibrational  progressions  of  the  Rydberg  senes 


converging 

lo  ihe 

JE  ion  state  of  CHCIJ" 

n  n* 

V 

X  (nm) 

v  (cm* ') 

Ar  (cm  ') 

4  2.32 

0 

136.61 

73201 

404 

436 

541 

403 

432 

407 

l 

135.86 

73605 

2 

135.06 

74041 

3 

134.08 

74582 

4 

133.36 

74985 

5 

132.42 

75517 

6 

131.71 

75924 

5  3  29 

0 

119.84 

83444 

420 

410 

422 

403 

1 

119.24 

83864 

2 

118.66 

84274 

3 

118.07 

84696 

4 

117.51 

85099 

6  4.32 

0 

114.0$ 

87681 

432 

430 

409 

421 

1 

113.49 

88113 

2 

112.94 

88543 

3 

112.42 

88952 

4 

111.89 

89373 

7  5  28 

0 

111.57 

89630 

411 

423 

1 

110.06 

90041 

2 

1 10.54 

90464 

0 

93560 

sorption  cross  section.  The  result  is  shown  in  fig. 
3.  The  fluorescence  cross  section  is  used  to  calcu¬ 
late  the  quantum  yield  as  shown  in  fig.  2b.  The 
fluorescence  yield  starts  at  155  nm.  and  then 
reaches  two  maxima  of  0.1%  and  0.6%  at  146  and 
110  nm.  respectively.  The  first  band  likely  corre¬ 
sponds  to  a  repulsive  state  (with  a  vertical  energy 
of  8.5  eV)  that  dissociates  into 

CHC13-CC12(A)  +  HCI.  ( 1) 

The  threshold  wavelength  for  this  process  is  268 
nm,  where  the  heats  of  formation  of  -  22.019  and 
-23.49  kcal/mol  for  HC1  and  CHC13  [9,10),  re¬ 
spectively.  are  used  for  the  calculation. 

The  second  fluorescence  band  likely  corre¬ 
sponds  to  a  repulsive  state  (with  a  vertical  energy 
of  11.3  eV)  that  dissociates  into 

CHC13-CC12(A)  +  H  +  C1.  (3) 

The  threshold  for  this  process  is  137  nm.  where 
the  dissociation  energy  of  D0(H-C1)  =  4.434  eV 
[11]  is  used  for  the  calculation.  The  calculated 
threshold  wavelength  coincides  very  well  with  the 
observed  threshold  as  in  fig.  2b. 

3  .3.  CH  jCl : 

3.3.1.  Photoabsorption 

The  photoabsorption  cross  section  of  CH2C12 
measured  with  a  monochromator  resolution  of  0.2 
nm  is  shown  in  fig.  5.  The  current  result  agrees 
very  well  with  the  data  of  Russell  et  al.  [3].  The 
absorption  bands  in  the  130-200  nm  region  have 
been  assigned  to  Rydberg  transitions  [3.8],  The 
assignment  given  by  Robin  [8]  is  indicated  in  fig. 

5. 

Vibrational  structure  appears  in  the  absorption 
spectrum  at  wavelengths  shorter  than  145  nm.  An 
attempt  to  classify  these  absorption  bands  into 
Rydberg  series  is  not  successful,  instead,  six  vibra¬ 
tional  progressions  are  classified  as  shown  in  fig. 

6,  which  was  measured  with  a  monochromator 
resolution  of  0.04  nm.  The  wavelengths,  wave 
numbers,  and  vibrational  frequencies  for  the 
tentatively  classified  vibrational  progressions  are 
listed  in  table  2.  The  vibrational  progressions  I 
and  II  have  been  observed  by  Zobel  and  Duncan 
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Fig.  5  Photoabsorption  ( - )  and  fluorescence  (---)  cross 

sections  of  CH2CI2  measured  with  a  monochromator  resolu¬ 
tion  of  0  2  nm. 


[19].  The  progressions  I.  II,  and  VI  have  an  aver¬ 
age  vibrational  frequency  of  about  680  cm-1, 
which  is  close  to  the  v3  frequency  (CC12  symmet¬ 
rical  stretching  mode)  of  the  ground  state  of 
CH2C12  (717  cm'1)  [18].  The  vibrational  progres¬ 
sions  III,  IV,  and  V  have  an  average  vibrational 
frequency  of  about  1000  cm'1,  which  is  close  to 


7  SC  —  - -  "j|  H 
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Fig.  6.  Photoabsorption  spectrum  of  CHjCl  measured  with  a 
monochromator  resolution  of  0.04  nm.  The  wavelength  posi¬ 
tions  for  the  tentatively  assigned  vibrational  profgresstons  are 
indicated. 


the  v>5  frequency  (CH;  twisting  mode)  of  the 
ground  state  of  CH2C12  (1153  cm'1)  [18]. 

3.3.2.  Fluorescence 

The  fluorescence  cross  section  of  CH-C1-. 
which  is  simultaneously  measured  with  the  ab- 


Table  2 

Wavelengths.  X.  wavenumbers,  v.  and  vibrational  frequencies 
■iv.  for  the  tentatively  assigned  vibrational  progressions  of 

chxi2 


Progression 

U 

X  (nm) 

v  icm'1) 

v  (cm  ”  1 } 

1 

0 

143.00 

69930 

1 

141.59 

70626 

696 

2 

140.31 

—4 

tJ 

o 

644 

3 

139.10 

71890 

620 

4 

137,72 

7261  1 

621 

S 

136.45 

73287 

676 

6 

135.23 

73948 

661 

T 

133  97 

74644 

696 

8 

132.76 

75324 

680 

9 

131.58 

75999 

6/5 

II 

0 

138.43 

72239 

706 

1 

137  09 

72945 

2 

13581 

73632 

687 

3 

134  53 

74333 

701 

4 

133  29 

75024 

691 

5 

132.09 

75706 

682 

III 

0 

126.79 

78871 

1065 

1 

125.10 

79936 

2 

123.74 

80815 

879 

3 

122.14 

81873 

1058 

4 

120.60 

82919 

1046 

IV  0 

1 
2 

3 

4 

v  o 

1 
2 
3 

VI  0 

1 
2 

3 

4 

5 

6 

7 

8 


126.35  79145 

124.40  80386 

122.99  81307 

121.53  82284 

120  26  83153 

125.82  79479 

124.11  80574 

122.56  81593 

121.10  82576 

116.81  85609 

115.89  86289 

114  93  87009 

114.01  87712 

113  16  88370 

112.29  89055 

111.40  89767 

110.59  90424 

109.81  91066 


1241 

921 

977 

869 


1095 

1019 

983 


680 

720 

703 

658 

685 

712 

657 

642 
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sorption  cross  section,  is  shown  in  fig.  5.  The 
fluorescence  yield  determined  from  the  fluores¬ 
cence  cross  section  is  shown  in  fig.  2c.  Similar  to 
CC14  and  CHC1,,  the  fluorescence  yield  shows 
two  bands  with  maxima  of  0.06%  and  0.35%  at 
131  and  107  nm.  respectively.  The  first  band  likely 
corresponds  to  a  repulsive  state  (with  a  vertical 
energy  of  9.5  eV)  that  dissociates  into 

CH2C12  -CC1:(A)  +  H:.  (4) 

The  threshold  of  this  process  is  calculated  at 
226  nm.  using  heat  of  formation  of  -21.19 
kcal/mol  for  CH2C12  (9,10}.  This  calculated 
threshold  wavelength  is  much  longer  than  the 
fluorescence  threshold  wavelength  observed  at  137 
nm. 

The  second  band  likely  corresponds  to  the  pro¬ 
cess 

CH2C12-CC12(A)  +2H.  (5) 

for  which  the  threshold  wavelength  is  125  nm, 
where  the  dissociation  energy  of  H2  (4.4781  eV 
[11])  is  used  for  the  calculation.  The  calculated 
threshold  for  this  second  fluorescence  band  coin¬ 
cides  with  the  observed  threshold  as  shown  in 
2c.  The  wavelength  for  the  maximum  yield  of  this 
band  may  occur  at  a  wavelength  shorter  than  106 
nm. 

The  CH2(b  ‘Bj-a  'A,)  emission,  which  has  been 
observed  from  the  photodissociative  excitation  of 
CH4  [20],  may  be  produced  from  the  photoexcita¬ 
tion  process 

CH2C12  -*  CH2(b)  +  Cl2.  (6) 

The  wavelength  threshold  for  this  process  is  ex¬ 
pected  to  be  130  nm,  as  calculated  from  the  heat 
of  formation  of  92.25  kcal/mol  for  CH2  [9,10] 
and  the  excess  energy  of  4.63  eV  required  for  the 
production  of  the  CH2(k-2)  emission.  This  excess 
energy  is  assumed  to  be  equal  to  the  excess  energy 
that  produces  the  same  emission  from  the  excita¬ 
tion  process  of  CH4  -» CH2  +  H2  [20].  The  fluo¬ 
rescence  yield  for  the  CH2(b-*3)  emission  is, 
however,  expected  to  be  quite  small  because  the 
fluorescence  yield  for  CH3C1  is  very  small  as 
discussed  below. 


3.4.  CHjCt 

The  absorption  cross  section  of  CH,C1  mea¬ 
sured  with  a  monochromator  resolution  of  0.04 
nm  is  shown  in  fig.  7.  The  current  result  agrees 
with  the  data  of  Russell  et  al.  [3]  witfun  experi¬ 
mental  uncertainty.  The  absorption  bands  have 
been  assigned  to  Rydberg  transitions  by  several 
investigators  [3,8,15.21].  The  assignment  given  by 
Robin  [8]  is  indicated  in  fig.  7.  The  sharp  absorp¬ 
tion  bands  have  been  classified  into  Rydberg  series 
by  Hochmann  et  al.  [21]. 

The  relative  cross  section  for  the  production  of 
fluorescence  from  photodissociative  excitation  of 
CHjCl  is  shown  in  fig.  7.  where  the  data  were 
measured  with  a  resolution  of  0.7  nm.  The  upper 
limit  for  the  fluorescence  cross  section  is  estimated 


Fig.  7.  Photoabsorption  ( - )  and  relative  fluorescence 

(---)  cross  sections  of  CHjG.  The  monochromator  resolutions 
were  0.04  nm  for  the  absorption  and  0.7  nm  for  the  fluores¬ 
cence.  The  upper  limit  for  the  fluorescence  cross  section  is 
estimated  to  be  10” 20  cm2. 
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to  be  10' :o  cm2.  The  fluorescence  cross  section  is 
quite  small  when  compared  with  other  chloro- 
methane  molecules.  The  fluorescence  yield  is 
smaller  than  0.02%  for  the  entire  wavelength  re¬ 
gion  studied.  The  fluorescence  may  mainly  consist 
of  the  CH:(b-a)  emission,  which  is  produced 
from  the  process, 

CH3C1  -*  CH:(b)  +  HC1.  (1) 

The  wavelength  threshold  for  this  process  is  147 
nm  as  calculated  from  the  heats  of  formation  of 
-  22.019  and  - 18.1  kcal/mol  for  HC1  and  CH}C1. 
respectively  [9,10],  and  the  excess  energy  of  4.63 
eV  for  the  production  of  the  CH;(b-a)  emission 
[20],  This  calculated  threshold  is  longer  than  the 
observed  fluorescence  threshold  of  about  124.5 
nm. 

4.  Concluding  remarks 

The  absorption  and  fluorescence  cross  sections 
of  CC14,  CHC13,  CH.Clj,  and  CH3C1  are  mea¬ 
sured  in  the  105-220  nm  region,  and  used  to 
determine  the  fluorescence  quantum  yields.  In 
general,  the  spectrum  of  each  fluorescence  yield 
shows  two  maxima,  indicating  that  the  fluores¬ 
cence  is  produced  by  two  repulsive  states.  The 
wavelength  at  the  maximum  fluorescence  yield  is 
used  to  determine  the  vertical  energy  of  the  repul¬ 
sive  state. 

Robin  [8,22]  has  assigned  the  intense  energy 
loss  band  at  81000  cm"1  in  the  electron  impact 
spectrum  of  CC14  to  the  a-*  a*  transition.  This 
transition  may  correspond  to  the  first  fluorescence 
band  of  CC14  that  has  a  maximum  yield  of  about 
1%  at  130  nm  as  shown  in  fig.  2a.  Similarly,  the 
first  fluorescence  bands  of  CHC13  and  CH2C12  as 
shown  in  figs.  2b  and  2c  could  be  assigned  to  the 
same  transition. 
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ABSTRACT 

N-  molecules  were  excited  bv  ArF  <  1 93  nm)  laser  photons  and  then  dissociativelv  ionized 
by  electron  impact.  The  laser-enhanced  N*  ion  intensity  is  linearly  dependent  on  laser  power. 
N;  pressure  and  electron  beam  current.  The  enhanced  ion  signal  is  attributed  to  the 
electron-impact  ionization  of  laser  excited  N*  in  the  .-CT *  state.  The  excitation  function  for 
the  production  of  N  '  ions  by  electron  impact  on  N*  was  measured  as  i 7  —  32  eS 


INTRODUCTION 

Excited  N  *  molecules  are  quite  abundant  in  N:  discharge  media  and  they 
have  a  substantial  effect  on  discharge  characteristics  (1- 5].  Electron  excita¬ 
tion  function  of  N  *  is  thus  of  interest  for  the  understanding  of  discharge 
phenomena.  However,  very  little  data  are  available  for  the  excited  states,  in 
contrast  to  the  ground  state  which  has  been  extensively  studied  [6-14],  The 
electron-impact  ionization  of  N*  (/l)  has  been  investigated  once  by 
Armentrout  et  al.  [15]  using  a  charge  transfer  neutralization  beam  of  NT 
with  NO.  The  study  of  excited  states  is  difficult  because  the  excited  species 
is  chemically  active  and  its  concentration  is  usually  limited  to  a  small 
quantity. 

In  this  experiment,  the  excited  N*  species  were  produced  by  ArF  (193 
nm)  laser  irradiation.  The  excited  species  are  presumably  in  the  * 
metastable  state  of  which  the  lifetime  is  about  1  s  [16].  The  photo-absorption 
spectrum  of  the  N;(/l  «-  .V)  system  has  been  investigated  by  Shemanskv 
[17],  The  photo-absorption  cross-section  of  N:  at  193  nm  is  expected  to  be 
small;  however,  the  excimer  laser  intensity  was  so  strong  that  a  reasonable 
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amount  of  excited  species  couid  be  prepared  for  the  experiment.  The 
probability  for  excitation  of  N2  into  the  state  could  be  of  the  order  of 

10"  at  a  typical  laser  power  density  of  40  mJ  cm"2  and  an  assumed  average 
photo-absorption  cross-section  of  10-24  cm2.  The  excitation  function  for  the 
production  of  N  "  from  electron-impact  ionization  of  excited  N*  is  reported 
in  this  paper. 

EXPERIMENTAL 


A  pparaius 

A  schematic  diagram  of  the  experimental  apparatus  is  given  in  Fig.  1.  The 
apparatus  consists  of  an  electron  beam,  a  molecular  beam  nozzle,  an  excimer 
laser  ( Lumonics-510)  and  a  quadrupole  mass  spectrometer  (18J.  The  vacuum 
chamber  was  pumped  by  a  turbomolecuiar  pump  (Balzer  TSU-1500).  The 
background  vacuum  pressure  was  about  5  x  10“ 8  mbar.  The  electron  gun 
and  ion  extraction  system  were  similar  to  the  design  reported  in  a  previous 
paper  [19].  Electrons  were  produced  by  a  hot  filament  and  confined  by  a 
solenoid  magnetic  field.  Ions,  after  mass  selection  by  the  quadrupole  mass 
spectrometer,  were  detected  by  a  channeltron.  The  output  pulses  from  the 
channeltron  were  amplified  and  counted  by  a  200-MHz  photon  counter 
system  (Stanford  Research  System  SR400).  The  fast  photon  counter  was 
controlled  by  a  microcomputer,  which  was  also  used  to  accumulate  and  to 
analyze  the  data.  The  counter  gates,  the  excimer  User  and  the  electron  beam 
pulses  were  triggered  by  a  pulse  generator  that  provided  double  pulses  with 
varied  delay  times. 


Fig.  1.  Schematic  diagram  of  the  experimental  set-up. 
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The  gas  was  introduced  into  the  vacuum  chamber  through  an  adjustable 
leak  valve.  The  pressure  between  the  leak  valve  and  the  vacuum  chamber 
was  measured  by  a  capacitance  manometer.  The  pressure  in  the  vacuum 
chamber  was  monitored  by  a  cold  cathode  gauge  installed  about  50  cm  from 
the  electron-gas  interaction  region.  The  gas  pressure  typically  used  in  the 
experiment  was  in  the  10“  mbar  range  as  measured  by  the  cold  cathode 
gauge.  The  gas  pressure  in  the  interaction  region  of  laser  and  electron  beams 
was  measured  to  be  about  two  orders  of  magnitude  higher  than  the  back¬ 
ground  pressure.  The  N2  gas  punty  was  better  than  99.99%. 

The  laser  beam  diameter  was  reduced  by  an  iris  aperture  of  0,32  cm. 
VlgF,  windows  were  placed  on  the  vacuum  chamber  for  laser  transmission. 
The  laser  power  was  monitored  by  a  power  meter  (Scientech).  Laser  power 
attenuation  was  accomplished  by  placing  quartz  and  sapphire  plates  in  the 
laser  beam  path.  The  whole  system  w'as  tested  with  inert  gases.  The  electron 
excitation  functions  of  inert  gases  (Ne.  Ar  and  K.r)  are  in  good  agreement 
with  published  data  over  the  energy  range  5-300  eV  f 20].  The  electron  beam 
energy,  Ct,  was  calibrated  by  ionization  thresholds  of  inert  gases.  The 
energy  resolution  was  about  0.5  eV. 

Data  acquisition  procedure 

The  time  sequences  for  laser  pulse,  double  electron  beam  pulses  and 
counter  gates  are  depicted  in  Fig.  2.  The  laser  pulse  (10-ns  duration)  served 
as  the  time  reference  (t  -  0).  The  double  electron  beam  pulses  had  a  delay 
time.  rcd,  from  the  laser  pulse  and  a  separation  ume.  ta,  between  the  pulses. 
Each  pulse  had  a  duration  time,  re,  that  was  variable.  A  two  channel  counter 
was  used  with  a  duration  of  /c  for  each  gate.  The  delay  time.  ;cd,  and  the 
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Fig.  2.  Time  sequence  for  laser  pulse,  electron  beam  pulses  and  counter  gates.  Typically. 
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Fig.  3.  N~  ion  intensity  as  a  function  of  the  delay  time  of  the  counter  gate.  ia)  Signal 
accumulated  by  channel  A  that  includes  signals  from  both  N,  and  N,*.  (b)  signal  accu¬ 
mulated  by  channel  B  that  is  only  due  to  N:.  The  electron  energy  was  30  eV 

separation  time.  tcs,  of  the  counter  gates  could  be  set  differently  from  the 
electron  beam  pulses.  t.d  was  set  slightly  longer  than  red,  and  fcs  was  nearly 
equal  to  tes.  Typically,  =  2  ms,  tt  =  100  ms.  =  1  ms.  rcd  =  20  ms. 
fc  *  200  ms  and  fcs  =  960  ms. 

The  N*  ions  produced  by  electron  excitation  of  N2  were  observed. 
Channel  A  of  the  counter  collected  the  N"-  ion  signals  produced  by 
electron-impact  ionization  of  both  N2  and  N*.  For  channel  B.  the  meta¬ 
stable  N  *  had  already  moved  out  of  the  collision  region  so  this  channel 
collected  only  the  ion  signal  from  N2.  Channel  B  is  typically  set  about  1  ms 
later  than  channel  A  so  that  the  laser-enhanced  signal  does  not  appear  in 
channel  B  (see  Fig.  3  for  further  discussion).  The  difference  between  the  ion 
intensities  measured  by  the  A  and  B  channels  represents  the  difference  of 
the  dissociative  electron-impact  ionization  cross-sections  of  N*  and  N;.  The 
present  procedure  has  the  advantage  that  the  data  are  taken  in  a  short  time 
after  each  laser  pulse  so  that  the  laser-enhanced  signals  are  not  seriously 
affected  by  the  fluctuations  of  gas  pressure,  electron  beam  current  and 
detection  efficiency,  which  may  change  in  a  long  time  scale.  The  signals  were 
observed  at  varied  delay  times,  laser  powers,  gas  pressures,  electron  beam 
currents  and  electron  energies. 

RESULTS  AND  DISCUSSION 

The  laser-enhanced  N*  ion  signals  were  observed  as  a  function  of  the 
counter  delay  time  (tcd)  as  shown  in  Fig.  3.  where  the  signals  of  channel  A 
are  shown  in  (a),  and  those  of  channel  B  in  (b).  The  laser  was  operated  at  30 
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Fig.  4  N*  ion  intensity  from  channel  A  as  a  function  of  electron  beam  delay  time.  The 
electron  energy  is  22. 0  eV. 

Hz  with  an  energy  flux  of  28  mJ  cm" 2  for  each  pulse.  Each  point  of  the 
signals  was  accumulated  by  1500  laser  pulses.  The  N,  pressure  measured  by 
the  cold  cathode  gauge  was  1.2  x  10" 7  mbar.  The  average  electron  beam 
current  was  60  nA  with  an  electron  energy  of  30.0  eV.  The  electron  beam 
pulses  were  set  at  te  =  100  /is.  —  2  jis  and  ca  —  I  ms  The  counter  gates 
were  set  at  t.  =  10  /is  and  =  1  ms.  and  tcd  was  scanned  with  a  10-/ts 
increment. 

As  shown  in  Fig.  3.  the  signals  start  to  appear  at  /cd  =  20  /as.  This  delay 
time  represents  the  time  of  flight  of  the  N~  ions  over  the  distance  (about  43 
cm)  between  the  electron  beam  and  the  ton  detector.  The  ion  signals  of  A 
decrease  to  a  constant  level  of  B  at  about  200  /is.  The  channel  A  has  a  total 
of  1570  counts  more  than  that  of  B.  namely,  about  one  ion  count  for  each 
laser  pulse.  This  signal  level  is  expected  if  the  average  photo-absorption 
cross-section  is  of  the  order  of  10" 24  cm2,  the  N2  concentration  in  the 
electron  beam  region  is  1012  molecules  cm'3,  and  the  dissociative  ionization 
cross-section  of  the  excited  state  is  of  the  order  of  10" 15  cm2.  These 
parameters  are  within  reasonable  ranges  of  expectation. 

The  lifetime  of  the  excited  species  in  the  electron  beam  region  was  further 
measured  by  scanning  the  electron  beam  delay  time.  The  N  *  ion  intensity  as 
a  function  of  electron  beam  delay  time  (fed)  is  shown  in  Fig.  4.  In  this 
measurement,  only  a  single  electron  pulse  was  generated  after  each  laser 
pulse.  The  electron  pulse  duration  was  set  at  ie  =  10  /is  and  t ^  was  scanned 
at  a  10-/is  increment.  The  counter  gate  of  channel  A  was  set  at  tcd  =  20  /is 
and  t.  =  800  /is.  The  N2  pressure  was  2.7  x  10" 7  mbar.  The  laser  energy 
flux  was  30  mJ  cm'2.  The  electron  beam  current  was  20  nA  with  an  electron 
energy  of  22.0  eV.  The  ion  signals  decrease  to  a  constant  level  at  about  200 
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/is;  this  time  duration  is  consistent  with  the  data  of  Fig.  3.  The  constant 
background  signal  was  contributed  mainly  from  the  mulitphoton  ionization 
of  Nj. 

Data  of  both  Figs.  3  and  4  show  that  the  excited  species  existing  in  the 
electron  beam  region  are  quite  long,  indicating  that  the  excited  species  are  in 
metastable  states.  There  are  only  two  excited  species.  N  *  (  A.  v  -  1 )  and  N  * 

(  X .  v  =  26),  that  can  be  produced  by  the  laser  (193  nm)  excitation.  The 
photo-excitation  of  N2(A')  to  N*(/f)  has  been  observed  [17]  but  the 
vibrational  excitation  is  not  observed,  suggesting  that  N*M)  is  produced 
more  favorably  than  N*(30.  Thus,  the  excited  species  is  mostly  in  the 
N*(/f)  state,  although  the  possibility  for  the  highly  vibrationally  excited 
N*(.Y)  is  not  ruled  out.  The  radiative  lifetime  of  N*M)  is  about  1  s  (1 6], 
The  quenching  rate  constant  of  N*(/l)  by  N,  is  about  10-12  cm3  s_l  [21]: 
thus,  the  quenching  rate  is  about  0.2  s'1  for  a  N,  pressure  of  10“ 5  mbar. 
The  loss  of  N*(/l)  by  radiation  and  quenching  is  much  smaller  than  the 
diffusion  loss.  The  observed  lifetime  represents  the  residence  time  of  the 
excited  species  in  the  electron  beam  region.  The  molecular  beam  after  the 
nozzle  is  estimated  to  have  a  flow  velocity  in  the  order  of  103-104  cm  s’1. 
The  time  for  the  excited  species  spent  in  the  electron  beam  region  is  thus 
expected  to  be  of  the  order  of  hundred  microseconds  as  observed. 

The  electron  energy  of  22  V  for  producing  the  laser-enhanced  N *  ion 
signals  shown  in  Fig.  4  is  below  the  dissociative  ionization  threshold  of  N:  of 
24.3  eV  [16].  Therefore,  the  observed  ions  are  clearly  not  produced  by 
electron-impact  ionization  of  N2  in  the  ground  state,  but  in  the  excited  state. 
The  laser-enhanced  N*  ion  intensity.  n~ .  is  expected  to  be 

n*  =  knmIt  (1) 

=  k'nla0le  (2) 

where  k  and  k'  are  proportional  constants,  n*  is  the  density  of  excited 
species,  n  is  the  N2  gas  density,  I  is  the  laser  photons  per  cm2  per  pulse.  a0 
is  the  cross-section  for  the  production  of  the  excited  state  by  the  laser 
excitation,  and  7e  is  the  electron  beam  current. 

The  relationship  of  Eq.  2  is  checked  by  measuring  the  laser-enhanced  ion 
intensities  at  varied  laser  fluxes,  gas  pressures  and  electron  beam  currents. 
The  laser  power  dependence  of  the  laser-enhanced  ion  signal  is  shown  in 
Fig.  5a.  The  data  were  taken  at  an  average  electron  beam  current  of  196  nA. 
electron  pulse  duration  of  100  ps,  electron  energy  of  22.1  eV  and  N;  gas 
pressure  of  1.0  x  10" 1  mbar.  The  linear  dependence  of  the  laser-enhanced 
ion  intensity  on  laser  flux  checks  well  with  Eq.  2. 

The  dependence  of  the  laser-enhanced  ion  intensity  on  the  gas  pressure  is 
shown  in  Fig.  5b.  The  data  were  taken  at  an  average  electron  beam  current 
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Fig.  5.  Laser-enhanced  N  *  ion  intensities  (A- 8)  at  (a)  vaned  laser  powers,  tb)  N?  gas 
pressures  and  (c)  electron  beam  currents.  The  electron  energy  is  22.0  eV 


of  323  nA,  electron  energy  of  22.1  eV  and  laser  flux  of  20  mJ  cm'2.  The 
laser-enhanced  ton  intensity  is  linearly  dependent  on  the  gas  pressure.  This 
result  again  agrees  with  the  expectation  of  Eq.  2. 

The  laser  enhanced  ion  intensity  was  measured  as  a  function  of  electron 
beam  current  as  shown  in  Fig.  5c.  The  data  were  taken  at  an  electron  energy 
of  22.0  eV,  gas  pressure  of  1.0  x  10 ~7  mbar  and  laser  flux  of  32  mJ  cm'2. 
The  dependence  is  linear  up  to  an  electron  beam  current  of  400  nA.  This 
result  is  again  consistent  with  Eq.  2. 

The  above  experimental  results  conclusively  support  that  the  laser-en¬ 
hanced  N  ion  signal  is  produced  by  dissociative  electron-impact  ionization 
of  excited  N*.  which  is  most  likely  in  the  /13E*  state.  It  is  of  interest  to 
measure  the  electron  excitation  function  of  this  excited  species,  because  the 
data  are  not  yet  known  and  they  are  needed  for  many  applications.  The 
electron-impact  ionization  functions  for  N2  in  the  excited  and  the  ground 
states  are  shown  in  Fig.  6.  The  data  were  taken  at  a  constant  electron  beam 
current  of  217  nA.  N2  gas  pressure  of  7.6  x  10'®  mbar  and  laser  flux  of  40 
mJ  cm"2  each  pulse.  Fig.  6a  is  the  data  taken  by  channel  A  that  collects  the 
ion  signals  from  both  N2  and  N*.  Fig.  6b  is  the  data  of  channel  B  that 
collects  ion  signal  only  from  N2.  and  Fig.  6c  is  the  difference  of  A  and  B 
that  represents  the  ion  signal  from  N2*. 
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Fig.  6.  Excitation  function  for  the  production  of  N  *  from  electron  impact  of  N  *  and  N:.  (a) 
Signal  accumulated  by  channel  A  that  includes  both  N;  and  N  * .  (b)  signal  accumulated  by 
channel  B  that  includes  only  N:.  and  (c)  the  difference  of  A  and  B  that  represents  the  relative 
dissociative  ionization  cross-sections  of  N  *  in  the  range  17-24.3  eV  and  the  difference  of  the 
dissociative  ionization  cross-sections  of  N  *  and  N;  and  the  range  24.3-32  eV. 


The  N  *  ions  shown  in  Fig.  6b  appear  at  about  24  eV.  which  agrees  with 
the  threshold  energy  (24.3  eV)  for  the  dissociative  ionization  of  N,  in  the 
ground  state  within  the  electron  energy  resolution  of  0.5  eV.  The  laser- 
enhanced  N*  ion  intensities  appear  at  a  threshold  of  about  17  eV.  as  shown 
in  Figs.  6a  and  6c.  The  signals  shown  at  an  electron  energy  below  17  eV  are 
too  small  to  be  statistically  significant.  The  difference  between  the  observed 
thresholds  of  N;  and  N2*  is  about  equal  to  the  laser  photon  energy  (6.4  eV) 
within  an  experimental  uncertainty  of  0.7  eV.  The  threshold  of  N*  is  not 
precisely  determined,  because  the  laser-enhanced  signal  is  quite  weak  and 
the  electron  energy  resolution  is  broad.  Nevertheless,  the  observed  energy 
thresholds  do  support  the  assertion  that  the  laser-enhanced  ion  signal  is 
produced  by  the  excited  species.  The  excitation  function  can  be  normalized 
to  absolute  cross-section  once  the  value  at  a  certain  electron  energy  is 
determined. 

As  shown  in  Fig.  6c,  the  electron  excitation  function  increases  slowly  with 
electron  energies  smaller  than  25  eV  and  then  increases  rapidly  with  the 
higher  energy,  indicating  that  the  N*  ions  are  produced  by  two  different 
processes.  The  slow  increase  channel  at  low  electron  energies  may  be  due  to 
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excitation  to  the  N;'*(C‘ZJ'c  ^  3)  state  which  predissociates  into 
[22.23].  The  cross-section  for  this  process  will  be  leveled-off  at  high  energy. 
The  fast  increase  of  the  excitation  function  is  likely  to  be  due  to  direct 
dissociative  ionization  channels  that  are  available  at  high  energy.  However, 
the  fast  increase  may  be  partly  due  to  the  high  statistical  uncertainty  in  the 
high  electron  energy  region. 

CONCLUDING  REMARKS 

N;  was  excited  by  ArF  laser  photons  and  then  impacted  by  electrons. 
Laser-enhanced  N~  ion  signals  start  to  appear  at  an  electron  energy  lower 
than  the  dissociative  ionization  threshold  energy  of  N;  by  an  amount  about 
equal  to  the  laser  photon  energy.  The  laser-enhanced  signals  are  due  to 
dissociative  ionization  of  excited  N;*  in  the  state  by  electron  impact. 

The  laser-enhanced  N*  ion  signals  depend  linearly  on  laser  flux,  gas 
pressure  and  electron  beam  current.  The  excitation  function  for  the  produc¬ 
tion  of  N  *  from  electron  impact  ionization  of  N  *  is  measured  in  the  energy 
range  17-32  eV. 
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The  rate  conSBEsof  fow-energy  electron  attachment  to  BC1,  diluted  in  N-  are  measures  as  a 
function  of  £7.Vat  1-11  Td,  corresponding  to  mean  electron  energies  at  0.4- 1.0  eV  If.; 
negative  ions  produced  by  hollow-cathode  discharges  of  either  pure  BCI,  or  mixtures  of  BC1 . 
in  N\  are  mass  analyzed  to  identify  the  products  of  electron  attachment  to  BCI,.  Only  C  ion 
is  found  in  the  discharge  media,  although  BCI,  is  observed  at  the  applied  voltage  sigmf  cattily 
lower  than  the  breakdow  n  voltage.  The  electron  attachment  processes  of  BCI ,  are  di'C'.."cd 


I.  INTRODUCTION 

Electron  attachment  to  electronegative  gases  deter¬ 
mines  the  electron  kinetics  in  gas  discharges:  by  reducing  the 
number  and  changing  the  energy  distribution  function  of 
electrons  that  sustain  discharges':  by  affecting  the  spatial 
distribution  of  electric  field  and  inducing  double  layers  un¬ 
der  certain  conditions-'  ‘.and  by  being  a  major  source  of  radi¬ 
cals  through  dissociative  attachment.  BCI,  ts  a  gas  of  great 
importance  for  plasma  technologies  in  microelectronics  lub¬ 
rication.  especially  for  etching  of  aluminum.4  ‘  Therefore, 
kinetics  in  discharges  of  BCI,  and  its  mixtures  were  studied 
extensively  ; How  eve.  apart  from  some  indirect  evi¬ 
dence.  the  identity  of  negative  ions  in  BCI,  discharges  were 
not  established.  The  swarm  or  beam  data  for  electron  attach¬ 
ment  to  BCI,  are  only  fragmentary.  Slockdale  et  a  I.'1  mea- 
sured  the  thermal  electron  attachment  rate  constants  of 
2.7  ■  10  cm  7s  by  a  cl •  ift-dw ell-drift  technique,  and  ob¬ 
served  the  excitation  function  of  dissociative  electron  attach¬ 
ment  by  a  beam  experiment  that  show s  a  peak  at  11  eV.  On 
the  other  hand.  Buchel'nikova  measured  the  cross  section 
for  the  same  process  with  an  absolute  peak  value  of 
2  $  •  10  errr  at  0  4  eV.  The  magnitude  of  the  electron 
attachment  rate  could  be  indirectly  estimated  from  the  mod¬ 
eling  of  the  discharge  data  of  Ar-BCI ,  mixtures 

It  in  evident  that  the  availability  of  the  data  for  BCI,  is 
inversely  proportional  to  its  importance.  The  reason  for  the 
lack  of  data  is  that  BCI,  is  highly  reactive  and  consequently 
difficult  to  handle  for  accurate  measurements.  In  this  paper 
we  present  the  electron  attachment  rate  constants  for  BCI, 
diluted  in  N . .  We  also  present  the  results  for  mass  spectro- 
met  ric  studies  of  discharges  of  BCI ,  in  N. .  The  negative  ions 
observed  in  discharge  media  provide  useful  information  for 
t  he  understanding  of  electron  attachment  processes  of  BCI , 

II.  EXPERIMENT 

An  apparatus  prev  iousU  used  in  our  laboratory  tor  elec- 
tron  attachment  rate  measurements'1  was  significantly 
•Modified  for  this  experiment  The  modified  apparatus 

.,  1  ij  ’  .  .,  st.niiUss  sieel  Cumber  with  (luce  sec¬ 


tions:  the  first  section  t  5  in.  o  d  that  is  pumped  by  a  me¬ 
chanical  pump  is  for  discharge,  the  second  section  ;0  at. 
o.d. )  that  is  pumped  by  a  diffusion  pump  :  Varian.  V'HS-fi  I  is 
for  differential  pumping:  and  the  third  section  '4  m  o  J  . 
pumped  by  a  turbomolecular  pump  (  Varian  Turbo  V-450). 
is  for  the  housing  of  a  quadrupoie  mass  analy  zer  <  Extrel ). 

The  apparatus  operated  in  two  modes.  In  mode  one.  the 
first  and  the  second  chambers  were  isolated,  and  the  dis¬ 
charge  chamber  was  filled  to  a  relatively  high  pressure  (  100- 
400  Torr) .  This  experiment  is  similar  to  the  one  described  m 
our  previous  papers.  An  excimer  laser  (Lumonics)  was 
used  to  produce  pulsed-electron  >w  arms  by  irradiation  of  the 
cathode.  Conduction  current  induced  by  electrons  moving 
between  electrodes  was  measured  by  the  voltage  drop  across 
a  resistor  of  1  kll.  The  transient  voltage  waveforms  were 
recorded  by  a  digital  oscilloscope  (Tektronix  2430)  and 
stored  m  a  computer.  In  mode  two.  the  first  and  second 
chambers  were  connected  through  a  skimmer  hole  of 0  "  mm 
id.  In  order  to  keep  the  pressure  in  the  mass  analyzer 
chamber  sufficiently  low  (  <  10  Torr),  the  discharge 
chamber  could  only  be  filled  to  1  Torr.  The  self-sustained  de 
discharge  was  formed  tween  two  hollow  electrodes  of  1  cm 
o.d.  (Parallel  plate  g.ometry  was  also  used  for  some  test 
measurements.)  The  space  between  the  two  electrodes  was 
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adjustable.  Both  positive  and  negative  ions  produced  in  dis¬ 
charges  were  sampled  and  mass  analyzed 

For  the  measurement  of  electron  attachment  rates,  gas 
mixtures  of  BCI,  inN  ,  were  prepared  in  a  separate  stamless- 
'teel  container.  The  container  was  filled  first  with  BCI, .  and 
.liter  the  container  walls  were  saturated  it  was  then  rilled 
with  the  buffer  gas  N .  The  volume  of  the  connection  tubing 
was  considerably  smallerthan  the  volume  of  the  mixing  con- 
t. liner  The  initial  pressure  of  the  gas  mixture  was  1 500  Torr. 
and  a  time  of  20  h  was  allowed  for  the  mixing.  (  Mixtures 
were  mixed  in  periods  between  16  and  64  h  and  no  differ¬ 
ence'-  were  observed  i  Commercial  gas  mixtures  were  not 
lived  because  the  manufacturers  refused  to  guarantee  the 
composition  of  their  mixtures. 

Measurements  were  carried  out  m  a  flow  sysiem  of  540 
seem  for  200  Torr  At  the  beginning  of  the  experiment,  the 
pure  buffer  gas  was  allowed  to  flow,  and  the  voltage  wave¬ 
forms  induced  by  laser  irradiation  of  the  cathode  were  re¬ 
corded  i  see  Ref  1 1  for  the  more  detailed  description  of  the 
experimental  procedure).  The  BCI  mV  mixture  was  then 
added  to  the  flow  Ty  pically.  2-1  5  seem  of  mixture  was  add¬ 
ed  that  was  measured  and  controlled  by  a  MK.S  flow  con¬ 
troller  Sufficient  time  was  normally  allowed  to  saturate  the 
walls  of  the  tubing  and  the  chamber  before  the  measure¬ 
ments  commenced.  Following  this  procedure,  mixtures 
could  be  made  with  the  abundance  of  BCI,  between  0.1'T 
and  0  5rr .  The  experimental  results  were  reproducible  if  this 
procedure  was  followed  carefully  The  reproducibility  of  the 
BCI,  gas  density  was  the  major  source  of  uncertainty.  For 
the  mass  analysis  of  the  negative  ions,  both  pure  BCi,  and 
gas  mixtures  of  about  0.56$;  BCI  in  N-  were  used  for  dis¬ 
charges.  The  ion  density  was  measured  as  a  function  of  dis¬ 
charge  current  and  gas  pressure. 

The  BCI  gas  was  supplied  by  Matheson  with  a  stated 
purity  ofbd  UCc  minimum.  The  gas  sample  was  analyzed  by 
the  mass  spectrometer  in  this  experiment.  Trace  amounts  of 
Ci.  and  BFCi.  were  observed  in  the  mass  spectrum,  but  the 
total  impurity  concentration  was  estimated  to  be  smaller 
than  0.1  G 

III.  RESULTS  AND  DISCUSSION 
A.  Electron  attachment  rate  constants 

At  each  £/.V,  the  electron  attachment  rate  constants 
were  measured  at  several  BCI,  concentrations  for  the  gas 
mixtures  of  BCI,  in  N..  The  data  extrapolated  to  the  zero 
BCI ,  abundance  are  shown  in  Fig.  2  for  the  £  /.V  in  the  range 
of  1-11  Td  f  I  Td  =  10"  17  V  cm;).  corresponding  to  mean 
electron  energy  in  the0.4-l  eV  range.  Measurements  at  £ /.V 
lower  than  1  Td  were  difficult  because  of  low  signals  and  the 
need  to  use  more  diluted  mixtures  which  caused  poor  repro¬ 
ducibility  Nevertheless,  it  is  evident  that  the  trend  of  in- 
crease  towaids  low  £  /  V  does  not  continue  below  the  data 
points  presented  in  Fig.  2.  The  experimental  uncertainty  was 
estimated  to  be  within  50G-  of  the  given  value  The  uucer- 
■  i'ii!.  -  in  mis  (  I  i  geometric  distribution. /: /.Y  dciermina- 
■i"M,  ;-i,l  tv  cssuic  measurement.  V  <.  (2)  waveform  de¬ 
termination.  <lrc.  (.1)  statistical  fluctuations  of  the 
measured  rates.  <567-76$-.  extrapolation  to  zero  abun¬ 
dance.  <  5rr- lO^e ,  and  (4)  uncertainty  in  gas  mixture com- 
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position.  <  10rr  We  have  set  the  overall  uncertainty  to  be 
higher  than  the  estimated  value,  because  of  the  difficulty 
inherent  in  handling  the  BCI,  gas. 

The  strong  dependence  of  the  attachment  rate  constant 
on  E/.Ysuggeststhutthe  attachment  bea  three-body  process 
with  a  peak  ar  low  energy  As  determined  by  thermoehemi- 
cal  data';  and  the  electron  affinity ; '  of  Cl.  the  threshold  for 
the  dissociative  attachment  process  of  c  -  BCI  -BCI 
-Cl  is  about  1.0  eV.  This  threshold  is  above  the  election 
energy  range  studied  in  this  experiment.  Therefore.  BCI  is 
the  only  ion  possibly  produced  ai  low-energy  electron  at¬ 
tachment  \BC1,  was  m  fact  observed  in  the  low-pressure 
experiment  described  in  the  next  section. )  This  result  is  con¬ 
sistent  with  the  conclusion  of Gottscho  and  Guebe'  who  at¬ 
tribute  BCI  as  the  dominant  necjme  ions  observed  in  the 
RF  discharge  of  pure  BCI  Nevertheless,  our  measured  at¬ 
tachment  rate  constants  are  not  significantly  dependent  on 
gas  pressures  in  100-400  Torr.  that  is.  the  attachment  is  like 
a  two-body  process.  Our  observation  is.  in  fact,  consistent 
with  the  earlier  observation'’  that  the  thermal  electron  at¬ 
tachment  rate  constant  was  not  dependent  on  the  gas  pres- 
suresat  5-15  Torr.  The  negative  ions  in  these  measurements 
were  not  mass  analyzed,  because  the  gas  pressures  were  very 
high. 

We  have  also  performed  mease,  ements  for  the  BCI ,  -  Ar 
mixtures.  Unfortunately,  the  results  were  not  as  reproduc¬ 
ible  as  the  data  for  N..  The  basic  difficulty  was  that  the 
extrapolation  to  zero  BCI,  abundances  could  not  be  easily 
performed  because  the  measurements  could  not  be  extended 
to  sufficiently  low  abundances,  because  the  influence  of  the 
attaching  gas  on  the  electron  drift  velocity  m  Ar  was  large  m 
the  most  interesting  range  However,  the  crude  experimental 
results  indicate  that  the  attachment  rate  constants  increase 
in  the  mean  electron  energy  range  of  1  5-2  5  eV 

The  electron  attachment  rate  constants  converted  from 
the  cross  sections  of  Duchel’nikov .f"  are  shown  in  Fig  2  for 
comparison  The  calculation  method  was  described  m  a  pre¬ 
vious  paper  bv  Petrov ic  and  co-workers.  1  Our  results  agree 
with  the  calculated  values  m  the  order  of  magnitude,  but  the 


£V.V  dependence  isdifferent.  The  agreement  is  on  I  y  acciden¬ 
tal  because  the  attachment  mechanism  is  quite  different;  ihat 
is.  these  results  cannot  be  regarded  as  in  agreement.  How¬ 
e'er.  our  measurements  at  lou  E /S  agree  w  ith  the  thermal 
electron  attachment  rate  constant  measured  by  Stockdale  ct 
a!  "  as  show  n  in  Fig.  2. 

The  measured  attachment  rate  constants  are  too  large  to 
be  affected  by  the  possible  impurities,  such  as  Cl .  The  impu¬ 
rity  les  el  of  Cl .  was  determined  to  be  less  than  0. 1  <~r  that  w  ill 
contribute  to  the  electron  attachment  rate  constant  at  most 
2-  10  :  cm  s.  m  considering  that  the  maximum  rate  con¬ 

stant  of  Cl;  is  tuily  2  ■  10  '  cm  .  s  at  0  Ob  eV  IJ  The  other 
possible  impurity.  BFCL.  may  have  electron  attachment 
rate  constant  similar  to  BC1 .  so  that  the  small  impurity  level 
Joes  not  cause  a  significant  effect.  Some  molecules  such  as 
$F_  and  CCI.  could  cause  a  similar  attachment  coefficient  if 
they  present  on  Ir>  level.  We  have  carefully  scanned  the 
mass  spectrum  up  to  the  mass  number  (if  1'H).  but  such  im¬ 
purities  were  not  detected. 

B.  Negative  ions  in  discharges  of  BCI3 

The  negative  ions  produced  by  discharges  were  ob¬ 
served  for  i  e  product  analysis  of  electron  attachment  to 
BCI  .  liiitul  tudies  of  negative  ions  presented  in  discharges 
were  carried  out  in  a  parallel  plane  geometry  with  either 
pure  BCI  or  its  mixture  with  N .  Later,  most  measurements 
were  performed  with  hollow  -cathode  discharges  ustng dilut¬ 
ed  mixtures  ;  0  f'T  BCI,  in  N  .  In  all  cases,  only  Cl  ions 
were  found  as  shown  in  Fig.  5(a).  In  dc  discharges,  the  mean 
electron  energy  may  be  too  high  to  enable  the  production  of 
BCI  .  in  contrast  to  the  bulk  of  rf  plasmas1 '  where  thermal 
energy  electrons  exist  for  the  production''  of  BCI.  .  When 
the  applied  voltage  was  lowered  below  breakdown  voltage 
i  for  instance.  120  V)  and  photoeleetroits  were  produced  by 
irradiation  of  the  cathode  with  ArF  laser  photons.  BCf, 
urns  were  observed  in  the  gas  mixture  of  trace  BCI,  in 0.66- 
Torr  N.  This  observation  indicates  that  BCI,  can  be  pro¬ 
duced  by  attachment  of  low-energy  electrons  to  BCI,  and 
stirv  i x  e  for  a  sufficiently  long  time  such  that  it  can  be  detect¬ 
ed  either  by  our  mass  analy  zer  or  to  affect  the  current  wave¬ 
form.  One  should,  however,  keep  in  mind  that  for  such  con¬ 
ditions  the  BCI ,  signal  would  be  very  small  (as  observed  by 
us  that  ts  about  ICO-  of  Cl  ),  because  the  mean  electron 
energy  is  so  high  that  it  favors  the  dissociative  attachment. 

The  Cl  ion  intensity  was  measured  as  a  function  of  the 
discharge  current  and  the  pressure.  The  ion  intensity  has  a 
peak  between  2  and  3  mA  of  discharge  current  as  show  n  in 
Fig.  3tb).  where  the  electrode  space  was  fixed  at  2  cm,  the 
gas  pressure  was  0  6  Torr.  and  the  discharge  current  was 
varied  by  adjusting  the  applied  voltage  (784  V  at  the  maxi¬ 
mum  Cl  intensity  ).  For  a  fixed  discharge  current  of  2  mA, 
the  ion  intensity  had  a  rather  sharp  maximum  at  400  mTorr 
as  shown  in  Fig.  3(c).  where  the  electron  space  was  2  cm. 
and  the  applied  voltage  was  784  V, 

1  lie  observed  Cl  ions  are  produced  by  the  electron 
dissociative  attaeliment  process  iliai  has  a  sharp  peak  at  (lie 
energy  ol  about  I  cV  as  observed  by  Stockdale  ct  al."  This 
basic  result  implies  that  in  our  measurements,  the  mean  elec¬ 
tron  energies  are  varied  along  with  the  changes  of  discharge 
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current  and  gas  pressure,  and  the  maximum  Cl  ion  intensi¬ 
ty  corresponds  to  the  mean  electron  energy  in  a  discharge 
medium  of  about  1  eV.  The  phenomena  could  be  described 
by  the  electron  energy  distribution  function  which  is.  how¬ 
ever.  quite  complicated  for  the  hollow-cathode  discharges 
In  general,  there  are  two  groups  of  electrons in  a  discharge 
medium:  one  group  consists  of  the  initial  electrons  that  are 
accelerated  in  inhomogeneous  but  very  high  electric  field 
and  practically  have  a  beamlike  behavior.1  and  the  second 
group  consists  of  melastically  scattered  and  secondary  elec¬ 
trons  which  have  low  energies.  Relative  magnitudes  of  the 
two  groups  are  strongly  dependent  on  the  discharge  condi¬ 
tions.  Monte  Carlo  simulations"'  '  1  indicate  that  at  these 
pressures  the  initial  electrons  are  the  dominant  group  -\ 
sharp  peak  in  the  pressure  dependence  probably  indicates 
the  shape  of  the  dissociative  cross  section,  although  the  cor¬ 
respondence  between  the  mean  electron  energy  and  i he  L  \ 


v  alue  i,  or  the  jv  ailable  energy  for  run-away  electrons  )  in  the 
discharge  could  be  very  nonlinear.  Current  dependence  of 
the  ion  intensity  is  less  sharp;  but  since  the  current-voltage 
dependence  is  not  linear,  it  is  not  inconsistent  with  the  pro¬ 
posed  picture.  However,  the  low  ion  signals  at  high  currents 
may  also  be  possibly  due  to  the  influence  of  space-charge 
force  among  electrons,  and  negative  and  positive  ions  in  the 
bulk  of  discharge 

In  order  to  establish  that  negative  ions  are  originated 
from  the  discharge,  but  not  by  electron  impact  on  BC1,  in 
the  transition  region  to  the  mass  analyzer,  we  have  per¬ 
formed  the  following  experiment  ;  Excimer  laser  light  was 
used  to  irradiate  tile  region  between  the  electrodes.  As  a  con¬ 
sequence.  the  negative  ion  signal  was  significantly  reduced 
The  delay  between  the  laser  light  pulse  and  the  reduction  of 
the  negative  ion  signal  was  of  the  order  of  tens  of  microse¬ 
conds  The  effect  depends  on  the  laser  beam  position 
between  the  electrodes.  (Thedetailed  results  will  be  present¬ 
ed  in  a  later  publication. )  The  decrease  of  negativ e  ions  fol¬ 
low  ing  laser  irradiation  demonstrates  that  the  observed  neg¬ 
ativ  e  ions  were  produced  in  the  discharge  media,  but  not  m 
the  transition  region,  because  the  ion  signal  did  not  increase 
by  the  laser  photoelectrons. 

IV.  CONCLUDING  REMARKS 

The  electron-attachment  rate  constants  increase  toward 
the  low  £  /  A.  indicating  that  the  attachment  is  due  to  a  three- 
body  process.  This  is  consistent  with  the  observations  of 
photodetachment  thresholds  that  BCI,  is  the  dominant 
negative  ion  in  rf  discharges."  However,  the  measured  at¬ 
tachment  rate  constant  is  not  significantly  dependent  on  the 
buffer  gas  pressure,  suggesting  that  the  attachment  is  appar¬ 
ently  like  a  two-body  process.  This  observation  is  in  agree¬ 
ment  with  a  prev  ious  observation  ’  that  the  thermal  electron 
attachment  rate  constant  is  not  dependent  on  total  gas  pres¬ 
sure  At  high  pressures  it  is  possible  that  the  mean  time 
between  collisions  is  sufficiently  shorter  than  the  autode- 
tachment  time:  thus,  practically  every  excited  negative  ion  is 
stabilized  in  the  first  step  of  attachment.  At  much  lower 
pressures  this  might  not  be  the  case,  and  even  more  so  tn  the 
low  pressure  region  of  the  mass  analyzer;  for  these  cases,  the 
BCI  ions  could  be  lost  due  to  autodetachment.  However, 
the  BCT.  ion  was  observed  by  attachment  of  low  energy 
electrons  to  BCI,  ,  although  the  BCTJiT signal  was  much 
smaller  than  Cl 

It  is  worth  noting  that  Stockdale  et  a!.'1  observed  a  peak 
attachment  for  the  two-body  process  of  e  +  BCI,  —  BCI, 
-  Cl '  at  1.1  eV,  while  at  the  same  time  they  observed  a 
relatively  high  thermal  electron  attachment  rate  constant 
This  observation  is  consistent  with  the  assertion  that  the 
electron  attachment  is  due  to  the  three-body  process  at  low 
energy .  and  Cl  is  produced  by  the  two-body  process  at  high 
electron  energy  .  Our  results  are  also  consistent  with  this  as¬ 
sertion  that  the  electron  attachment  rate  constants  shown  m 
I  ic  2  are  mainly  due  to  the  three -body  process,  and  the  Cl 
mis  I'h-v.  i  v  cd  in  ilisv. barges  are  vine  lo  the  two-body  process 


The  unpublished  results  of  0!thoff:;  confirm  the  exis¬ 
tence  of  BCI,  ions.  This  author  has  also  observed  that  at¬ 
tachment  for  BCI,  molecules  peaks  close  to  zero  energy 
( both  in  the  intensity  of  negative  ion  current  and  through  the 
broadening  of  the  zero  energy  peak  of  the  electron  transmis¬ 
sion  spectrum' ' ).  The  level  of  impurities  in  his  experiment  is 
uncertain.  From  some  theoretical  considerations  and  the 
characteristics  of  his  apparatus,  the  lifetime  of  the  metasta¬ 
ble  BCI  ton  was  estimated  to  be  bO //s  which  is  consistent 
w  ith  our  data. 
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Abstract 

A  technique  for  sampling  negative  ions  in  hollow-cathode  and  hollow- 
anode  discharges  of  strongly  electronegative  gases  is  presented.  The 
negative  ions  were  mass -analyzed  to  be  Cl  ,  Cl^  and  Cl^  for  the  Cl^/N^ 
mixture  and  Cl  for  HCl/T^.  The  dependence  of  negative  ion  intensity  on  gas 
pressure  and  discharge  voltage  was  investigated.  Photodetachment  of  nega¬ 
tive  ions  was  used  to  induce  photoelectron  transient  signals  that  probe  the 
ion  concentrations.  The  transient  signal  indicates  that  the  negative  ions 
are  original  from  the  discharge,  but  not  produced  in  the  mass  analyzer 
region  by  high  energy  electrons.  Time  dependence  of  the  negative  ion  signal 
was  measured  by  a  quadrupole  mass  analyzer  and  used  to  study  the  kinetics  of 
charged  particles  responsible  for  the  transport  of  the  laser-induced  per¬ 
turbation.  The  observed  negative  ion  transient  signal  could  be  a  useful 
means  for  studying  the  negative  ion  kinetics  in  plasma. 
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I .  Introduction 


negative  ions  and  electrons  in  the  kinetics  of  gaseous 


discharges  axa  not  well  understood,  even  though  they  are  important  in 


determining  discharge  characteristics.  Discharges  of  electronegative  gases 
are  so  often  used  in  plasma  technological  applications^  (for  example. 


etching  of  electronics  materials),  because  they  can  efficiently  produce 


desirable  radicals.  Substitution  of  electrons  by  negative  ions  can  lead  to 

3  4 

reduced  sheath  fields  ,  formation  of  double  layers  ,  and  significant  change 
in  the  spatial  distribution  of  chemical  species  and  consequently  chemical 
reactions^ ’ Negative  ions  can  be  the  primary  agents  in  some  desirable 
effects  such  as  etching^,  certain  ion-molecule  reactions,  and  modification 
of  the  I-V  characteristic,  while  they  can  cause  non-desirable  effects  such 

g 

as  dust  formation  in  the  silane  discharges  .  The  information  of  negative 

ions  in  gaseous  discharges  could  be  useful  for  the  gaseous  dielectrics  and 

9  10 

switching  applications  ’  .  There,  photodetachment  can  be  used  to  trigger 

fast  switching  modes^,  while  the  energy  dependence  of  the  attachment 

coefficient  can  be  used  to  create  or  enhance  the  negative  differential 

conductivity  necessary  for  the  operation  of  fast  opening  diffuse  discharge 
9,12 

switches 

13 

Pho codetachment  spectroscopy  has  been  used  for  the  detection  of 
negative  ions,  but  the  results  are  difficult  to  interpret  without  mass 
analysis.  Sampling  of  negative  ions  from  the  discharges  is  almost  impossi¬ 
ble  because  of  the  sheath  potential  which  is  formed  to  contain  much  mobile 
and  energetic  electrons  (few  eV)  in  the  plasma,  and  consequently  negative 
ions  with  their  mean  energy  of  the  order  of  100  meV  cannot  escape  from  them 

In  the  studies  of  the  negative  ion  composition  of  the  ionosphere,  special 

14 

techniques  that  include  large  surface  sampling  plates  have  been  used  It 
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has  been  recently  applied^  to  study  negative  ion  kinetics  by  pulsing 
discharges,  because  electrons  are  dispersed  much  faster  than  the  negative 
ions  in  the  afterglow  so  that  the  negative  ion  signal  can  be  enhanced. 

For  an  extraction  of  H  ions  from  volume  sources,  magnetic  field  is  applied 
to  separate  the  plasma  into  two  parts:  one  having  a  large  density  of 
electrons  and  the  other  dominated  by  negative  ions  that  can  be  sampled 
efficiently^.  Another  technique  is  to  operate  the  discharge  under  condi¬ 
tions  where  negative  ions  are  the  dominant  charge  species,  and  consequently 
the  sheath  fields  are  reduced.  Sheehan  and  Rynn^  showed  rViat  efficient 
negative  ion  sources  can  be  made  by  reducing  the  electron  density  to  below 
5 X  of  the  ions  density. 

In  this  paper  we  present  our  experimental  studies  of  the  negative  ion 
kinetics  in  hollow  electrode  discharges  with  and  without  perturbation  by  the 
excimer  laser.  Attempts  are  made  to  develop  technique  which  will  provide  a 
useful  means  for  determining  both  the  identity  and  the  spatial  dependence  of 
the  number  density  of  negative  ions. 

II.  Experimental 

18 

The  apparatus  has  been  described  in  a  previous  paper  and  is  repeated¬ 
ly  shown  in  Fig.  la.  In  brief,  the  apparatus  is  a  stainless  steel  chamber 
with  three  sections:  the  first  section  (5"  OD)  that  is  pumped  by  a  mechan¬ 
ical  pump  and  a  sorption  pump  is  for  the  discharge,  the  second  section  (6" 
OD)  that  is  pumped  by  a  diffusion  pump  (Varian,  VHS-6)  is  for  differential 
pumping,  and  the  third  section  (4"  OD),  pumped  by  a  turbomolecular  pump 
(Varian  Turbo  V-450),  is  for  the  housing  of  a  quadrupole  mass  analyzer 
(Extrel ) . 

Ions  are  sampled  through  a  skimmer  hole  of  0.7  am  ID.  In  order  to  keep 
the  pressure  in  the  aiass  analyzer  chamber  sufficiently  low  (<  10  ^  Torr), 
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Che  discharge  chamber  could  only  be  filled  to  1  Torr.  The  self -sustained  DC 
discharge  was  formed  between  two  hollow  electrodes  of  1.25  cm  OD  as  shown  in 
Fig.  lb.  The  space  between  the  two  electrodes  was  adjustable  but  normally 
kept  at  16  mm.  Both  positive  and  negative  ions  produced  in  discharges  were 
sampled  and  mass  analyzed. 

In  order  to  maintain  the  desired  mixture  composition,  measurements  were 
carried  out  in  a  flow  system  (usually  21  seems  for  the  buffer  gas).  Mixture 
was  made  by  accurately  controlling  two  flow  meters,  one  for  the  buffer  gas 
(S^)  and  one  for  the  attaching  gas.  Sufficient  time  was  normally  allowed  to 
saturate  the  walls  of  the  tubing  and  the  chamber  before  the  measurements 
commenced.  The  certified  gas  mixtures  of  1.98X  Cl?  in  He  and  4.72  HCt  in  He 
were  supplied  by  Matheson.  and  they  were  used  without  further  purification. 
In  each  measurement,  the  system  was  filled  with  the  gas  mixture  to  a  desired 
pressure,  and  the  gas  flow  was  maintained.  Discharge  was  established 
between  the  two  electrodes.  The  negative  ion  count  was  recorded  as  a 
function  of  gas  pressure  and  applied  voltage. 

Excimer  laser  beam  was  later  used  to  irradiate  the  discharge  medium. 

As  the  range  of  an  optimum  condition  for  the  production  of  negative  ions  is 
rather  narrow,  the  applied  voltage,  pressure,  and  current  were  adjusted  to 
obtain  the  maximum  signal  in  the  laser  irradiation  experiment.  The  sizes  of 
the  excimer  laser  beams  were  20  mm  x  6  am  and  the  laser  powers  were  about 
180  mj/pulse  for  the  KrF  laser  and  150  mj/pulse  for  the  ArF  laser.  Before 
entering  the  plasma  region  the  laser  beam  was  limited  by  a  slit  that  could 
vary  to  less  than  1  mm,  and  the  laser  beam  in  the  plasma  region  was  expanded 
to  normally  about  3  mm  x  8  mm.  The  position  of  the  laser  beam  could  be 
moved  along  the  axis  of  the  discharge.  Time  dependence  of  the  negative  ion 
count  was  recorded  following  the  laser  pulse. 
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III.  Results  and  Discussion 


A.  Negative  Ions  in  Discharges 

a.  Cl 2/^2  ***xture 

We  first  present  the  results  for  the  dependence  of  the  negative  ion 
signals  on  the  Cl^  pressure  and  the  applied  voltage.  When  a  Cl^/N^  mixture 
(usually  2-4  mTorr  Cl^  in  about  500  raTorr  )  was  discharged,  negative  ions 
were  observed  for  a  narrow  range  of  experimental  parameters,  for  which  the 
mass  spectrum  is  shown  in  Fig.  2a,  where  Cl".  Cl^",  and  C^3  were  observed. 
The  Cl  signal  is  much  larger  than  those  of  the  other  two  ions.  The  depend¬ 
ency  of  the  three  negative  ion  signals  on  the  applied  voltage  for  a  fixed 
mixture  of  2.8  mTorr  Cl ^  in  500  mTorr  are  shown  in  Fig.  3.  While  all  the 
three  ions  show  similar  voltage  dependence,  the  Cl"  signal  is  always  larger 
than  the  other  two  ions.  The  dependence  shows  a  narrow  feature  in  the 
470-500  V  range  and  a  broad  feature  in  500-580  V.  The  ion  signal  is  verv 
sensitive  to  the  Cl^  pressure,  thus,  the  data  shown  in  Fig.  3  are  only  an 
example.  The  dependencies  of  the  Cl",  Cl^  and  Cl^  ion  signals  on  the  gas 
pressure  are  shown  in  Fig.  4.  Each  ion  appears  in  only  a  narrow  pressure 
range.  Cl  and  Cl^  have  a  similar  pressure  dependence,  but  Cl^  is  quite 
different,  indicating  that  they  are  produced  by  distinct  processes. 

b.  HCl/Nj  Mixture 

When  HC1  was  used  as  an  electronegative  gas  (somewhat  larger  percentage 

than  that  of  was  used),  only  Cl  ion  was  detected  as  shown  in  Fig.  2b. 

Voltage  dependence  shows  only  one  peak  as  shown  in  Fig.  5a,  and  the  pressure 

dependence  is  also  a  single  peak  as  shown  in  Fig.  5b.  That  is,  the  negative 

ions,  again,  only  occur  in  narrow  ranges  of  voltage  and  pressure.  The 

general  features  of  both  Cl^  and  HC1  are  similar  to  those  of  BCl^  which  were 

18 

presented  previously 
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c.  Discussion 


The  general  features  of  the  dependencies  of  the  negative  ion  signals  on 
pressure  and  voltage  are  similar  for  all  the  three  gas  mixtures  of  Cl^,  HC1 
and  BCl^  in  .  The  negative  ions  occur  only  in  narrow  ranges  of  experi- 

t  IQ  IQ 

mental  parameters  that  were  discussed  by  Petrovic  et  al .  and  Han  ec  al . 

The  reason  for  this  phenomenon  is  that  each  negative  ion  is  generally 
produced  only  in  a  narrow  electron  energy  range  which  occurs  only  in  some 
specific  experimental  conditions. 

The  observation  that  the  negative  ions  can  be  sampled  from  discharges 

requires  a  discussion.  Normally  this  sampling  is  inhibited  by  the  anode 

sheath  potential  which  is  self  adjusted  to  balance  the  losses  of  much  more 
20 

mobile  electrons  However,  there  are  several  factors  which  determine  the 

magnitude  of  the  anode  fall.  Most  importantly,  when  negative  ion  densities 

are  much  larger  than  electron  density  or  n  /ng*  +  M+).  where  n 

denotes  the  density  and  p  mobility  with  appropriate  subscripts  +,  and  e 

for  positive  ion,  negative  ion,  and  electron,  then  the  electric  field  is 

21 

determined  by  the  characteristic  energies  of  ions  only  In  practice,  this 

condition  does  not  have  to  be  strictly  satisfied  in  order  to  get  appreciable 

negative  ion  flux  to  the  anode^,  but  the  density  of  electrons  should  be 

well  below  5X  of  n  .  For  chlorine  containing  plasmas  this  condition  can  be 
22 

expected  .  The  dependence  of  the  anode  fall  on  current  and  bulk  potential 

23 

is  complicated  even  without  the  presence  of  negative  ions  When  the  bulk 

potential  is  high  (which  is  a  characteristic  of  the  discharges  with  electro- 

23 

negative  gases),  the  anode  fall  is  reduced  while  the  mean  energy  of 
negative  ions  may  be  increased. 
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S at  pmgative  ions  nay  be  facilitated  by  the  geometry  of  the 
anode  and  t^Tfeasibility  that  extraction  field  may  enter  the  discharge 
region  near  the  sampling  hole.  All  the  above  factors  and  the  basic  dis¬ 
charge  parameters  (pressure,  voltage  and  current)  basically  affect  the 

balance  between  the  forces  acting  on  ions  due  to  electric  filed  and  gas 
24 

flow  The  relationship  is  complicated,  and  in  order  to  take  into  account 
the  possible  geometric  effects  a  two  dimensional  self-consistent  model  would 
be  required  to  describe  the  observations  reported  in  this  paper.  Having  in 
mind  the  present  state  of  the  theory  of  gas  discharges^  such  a  model  would 
be  costly,  and  its  development  would  require  time,  but  it  is  not  beyond 
reach.  Nevertheless,  the  hollow  anode  geometry  may  help  the  sampling  by 
creation  of  a  strongly  inhomogeneous  sheath  field  in  the  region  where  the 
force  field  due  to  gas  flow  is  maximum.  Thus,  the  low  energy  ions  can  reach 
the  region  where  the  gas  flow  will  affect  their  motion  before  being  subject¬ 
ed  to  the  repulsive  force  of  the  anode  sheath.  Though  very  difficult, 
sampling  of  negative  ions  is  therefore  not  impossible.  In  the  next  section 
we  will  show  that  the  negative  ions  collected  by  the  mass  analyzer  were  not 
produced  by  the  impact  of  molecules  by  energetical  electrons  in  the  vacuum 
region  behind  the  skimmer  hole. 

For  a  detailed  understanding  of  the  voltage  and  pressure  dependency  of 

the  negative  ion  signals,  apart  from  the  above  mentioned  factors  one  should 

also  take  into  account:  (i)  the  voltage -current  characteristics  of  the 

hollow  electrode  discharge,  (ii)  the  energy  dependence  of  the  dissociative 

26 

attachment  cross  section  convoluted  with  the  energy  distribution  function 

27 

for  electrons  which  may  have  a  non- equilibrium  beam  component  ,  and  (iii) 

28 

the  kinetics  of  negative  ion  formation  and  loss  .  Such  consideration  is 
beyond  the  scope  of  this  paper . 
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If  the  onset  (or  the  maximum)  of  the  negative  ion  peak  is  related  to 

26  29 

the  threshold  of  the  attachment  process,  then  the  onset  ’  in  Cl^  would  be 
30 

lower  than  in  HC1  This  is  not  observed  in  the  experiment  (Figs.  3a  and 
5a).  In  fact,  the  discharge  voltage  corresponding  to  the  maximum  of  the 
signal  is  somewhat  lower  for  HC1  than  for  Cl^.  Therefore,  it  appears  that 
in  the  Cl^  and  HC1  discharges  the  mean  energies  and  the  over  all  electron 
kinetics  are  quite  different. 

Two  peaks  are  observed  in  the  negative  ion  signal  versus  voltage 

dependence  for  Cl^  containing  discharge  (Fig.  3),  and  the  relative  magnitude 

of  the  second  peak  is  higher  for  the  Cl^  ion  than  the  other  two  ions.  The 

second  peak  is  more  probably  resulted  from  the  discharge  characteristics  and 

the  balance  of  the  sheath  potential  with  the  force  due  to  gas  dynamics 

rather  than  an  indication  of  the  second  peak  in  the  dissociative  attachment 
26  29 

cross  section  ’  The  formation  kinetics  of  the  Cl ^  and  Cl^  ions  in  a 

28 

drift  tube  was  discussed  in  an  earlier  paper  by  Lee  et  al .  Although  the 
electron  kinetics  in  the  drift  tube  are  quite  different  from  those  in 
discharge  plasma,  the  relative  abundance  of  the  and  Cl^  ions  compared 

to  Cl  are  similar  in  both  cases.  Cl  is  produced  by  dissociative  electron 
attachment  to  C^,  and  Cl^  is  likely  due  to  the  recombination  of  Cl  with 
Cl^,  but  Cl^  may  be  a  result  of  three-body  electron  attachment  to  Cl^- 
This  proposed  production  mechanism  explains  that  the  pressure  dependences  of 
Cl  and  Cl ^  are  similar,  but  they  are  different  from  Cl^  as  shown  in  Fig.  4. 

As  expected,  only  the  Cl  ion  is  observed  for  the  discharge  of  HCl/N^. 

The  pressure  and  voltage  dependencies  of  the  ion  signals  are  relatively 
sharply  peaked,  probably  representing  the  projection  of  the  dissociative 
attachment  cross  section  into  the  characteristics  of  discharges.  However,  it 
is  also  possible  that  the  mean  electron  energy  increases  at  high  voltage  due 
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to  input  from  the  beam  component  of  the  hollow  cathode  part.  Ionization  then 
becomes  more  efficient,  and  the  percentage  of  electrons  increases  thus 
reducing  the  efficiency  of  sampling  at  high  voltage.  (This  is  supported  by 
the  fact  that  we  observe  a  large  current  increase  in  the  voltage  range 
covered  by  these  measurements.)  Therefore,  the  observed  signal  versus 
pressure/voltage  dependence,  which  basically  represents  the  shape  of  the 
dissociative  attachment  cross  section  convoluted  by  the  electron  energy 
distribution  function,  may  not  have  the  same  proportionality  for  different 
attaching  gases  and  discharge  conditions. 

B.  Laser  modulation  of  the  negative  ion  signal 

As  described  in  the  Experimental  Section.  KrF  or  ArF  laser  light  was 
used  to  irradiate  the  discharge  volume  between  the  hollow  electrodes  (Fig. 
lb).  The  original  motivation  for  such  experiment  was  to  give  a  proof  that 
the  negative  ions  are  not  a  result  of  electron  excitation  processes  occurring 
after  the  skimmer  hole.  The  fact  that  there  is  a  strong  modulation  of  the 
negative  ion  signal  (up  to  100X)  by  the  laser  light  indicates  that  the 
negative  ions  indeed  originate  from  the  discharge  (though  some  of  them  may  be 
lost  or  converted  in  the  mass  analyzer  region) ,  but  not  produced  after  the 
sampling  hole.  Our  measurements  in  turn  gave  indication  that  the  modulation 
of  the  negative  ion  signal  by  laser  pulse  could  be  used  as  a  diagnostic  tool 
to  identify  the  ion  species  and  to  measure  the  negative  ion  density, 
a.  Laser- Induced  Transient  Signals:  General  Features 

When  a  discharge  medium  that  contained  a  gas  mixture  was  irradi¬ 

ated  by  laser  pulses,  the  Cl  ion  signal  gave  a  transient  waveform  as  shown 
in  Fig.  6a  for  ArF  laser  and  Fig.  6b  for  KrF  laser.  Without  the  laser 
irradiation,  the  signal  was  in  a  DC  level  as  shown  by  the  dashed  lines  in 
Fig.  6.  The  general  features  for  the  transient  signals  are  commonly  observed 
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for  different  experimental  conditions  (discharge  current,  applied  voltage, 
gas  pressure,  or  HCl/N^  mixture),  although  the  amplitudes  and  the 

shapes  of  the  transient  signals  vary  with  experimental  parameters.  The 
wavelength  of  the  laser  light  also  has  a  profound  effect  on  the  shape  of  the 
pulse.  '*hen  ArF  (193  run)  laser  was  used,  the  features  of  the  negative  ion 
transient  signals  were  more  pronounced  than  those  for  the  KrF  (248  run)  laser, 
especially  the  depth  of  the  third  peak. 

Each  transient  signal  has  three  distinct  features:  The  first  peak 
(denoted  as  1  in  Fig.  6a)  occurs  on  a  very  short  time  scale  (in  the  order  of 
the  electron  transit  time)  following  the  laser  pulse.  It  is  usually  largest 
in  magnitude  and  always  corresponds  to  a  decrease  of  the  negative  ion  signal. 
The  second  peak  (2)  is  an  increase  of  the  signal  which  lasts  up  to  a  few 
hundred  /is.  The  third  peak  (3)  is  greatly  affected  by  the  experimental 
conditions,  for  which  the  amplitude  is  generally  larger  for  the  ArF  laser 
than  the  KrF  laser. 

The  first  peak  cannot  be  explained  as  a  depletion  of  the  negative  ions 
due  to  laser-induced  photodetachment  because  it  is  too  fast  for  the  ionic 
motion  to  take  place.  We  believe  that  this  feature  is  related  to  fast  moving 
electrons  which  were  produced  by  photodetachment  of  negative  ions.  Those 
electrons  can  affect  the  ion  signal  when  they  reach  the  orifice  by  two 
possible  mechanisms.  One  is  the  electron-induced  collisional  electron 
detachment,  and  the  other  is  by  increasing  the  anode  sheath  potential  because 
of  their  high  mobility.  On  their  way  to  the  anode  the  electrons  get  accele¬ 
rated  by  the  small  electric  field  of  the  bulk  and  the  high  electric  field  of 
the  hollow  anode  region.  These  energetic  electrons  will  produce  additional 
electrons  by  ionization.  The  secondary  electrons  and  the  initial  low  energy 
electrons  can  attach  to  Cl^  or  HC1  to  form  Cl  that  results  the  second  peak. 
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The  produced  negative  ions  drift  along  the  field,  and  when  the  effect  due  to 
photodetached  electrons  is  dispersed,  there  is  an  increase  of  ion  signal  in 
addition  to  the  DC  level  that  is  normally  detected.  The  fact  that  the  second 
peak  has  a  sharp  increase  closer  to  the  time  of  the  laser  pulse  indicates 
that  the  ionization  by  photodetached  electrons  is  not  homogeneous  but  occurs 
more  closely  to  the  anode  when  electrons  gained  sufficient  energy.  Finally, 
the  third  peak  which  occurs  on  the  ion  diffusion  time  scale  represents  the 
arrival  of  the  negative  ion  density  depleted  by  laser  photodetachment.  Apart 
from  the  peak  value,  the  pulse  duration  gives  an  indication  of  time  scale 
that  represents  important  information  on  electron  reaction  kinetics  and  ion 
diffusion.  A  further  study  of  this  subject  is  of  interest. 

The  shape  of  the  transient  signal  is  not  affected  by  the  possible 

ringing  of  the  electrical  circuit,  because  the  noise  duration  generated  by 

laser  discharge  system  was  only  about  10  ns  that  is  much  shorter  than  the 

transient  pulse  duration  (few  hundred  /*s).  The  transient  signal  disappeared 

when  the  laser  light  was  blocked.  The  magnitude  of  the  transient  signal 

depends  on  the  laser  intensity;  thus,  the  signal  is  related  to  laser -plasma 

interaction,  but  not  due  to  electrical  noise.  It  has  been  demonstrated  that 

the  dynamics  of  the  discharge  current  could  be  affected  by  the  laser  pulse, 

and  the  laser-induced  pulses  are  often  used  to  obtain  information  on  the 

31 

kinetics  of  gas  discharges 

b.  Dependencies  of  Transient  Signals  on  Laser  Position  and  Power  and 

Discharge  Voltage 

The  amplitudes  of  all  three  maxima  increase  linearly  with  laser  power  as 
shown  in  Fig.  7.  Such  measurements  were  performed  in  a  wide  range  of  experi¬ 
mental  parameters,  and  in  all  cases  the  dependence  on  laser  intensity  was 
linear.  This  proportionality  gives  correlation  between  the  transient  nega- 
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civ*  ion  slgttlft  and  th*  photodetached  electrons.  This  linearity  can  be  in 

tum  used  c^lfMpare  che  density  of  negative  ions. 

-£  ■ 

The  dependence  of  the  increased  Cl  signal  (the  second  peak)  on  the 
laser  position  in  the  plasma  region  is  shown  in  Fig.  8,  where  the  distance  is 
measured  from  the  cathode.  For  laser  light  close  to  the  cathode,  the  effects 
of  laser  irradiation  are  negligible.  At  the  middle  of  the  discharge  region 
there  is  a  plateau,  and  then  the  effect  suddenly  increases  when  the  laser 
light  closes  to  the  anode.  The  halfwidths  of  the  increase  Cl  signals  are 
also  plotted  as  a  function  of  laser  position.  The  halfwidth  is  not  critical¬ 
ly  dependent  on  the  position  as  the  magnitude.  The  position  dependence  is 
generally  observed  for  a  wide  range  of  experimental  conditions. 

We  have  investigated  the  dependence  of  the  amplitudes  of  the  first  two 
pulses  as  a  function  of  the  applied  voltage  in  the  range  of  voltages  where  we 
could  get  sufficiently  good  negative  ion  signal.  The  height  of  the  first 
pulse  changes  insignificantly,  while  the  height  of  the  second  pulse  rises 
linearly  with  the  voltage  as  shown  in  Fig.  9a.  and  the  pulse  duration  drops 
with  the  increase  of  the  applied  voltage  as  shown  in  Fig.  9b.  One  should 
bear  in  mind  that  the  current  (at  a  fixed  pressure)  increases  by  a  factor  of 
two  in  the  covered  voltage  range.  When  laser  irradiation  is  fixed  at  the 
halfway  between  the  electrodes  and  the  chlorine  abundance  is  changed,  the 
height  and  the  width  of  the  first  peak  are  not  significantly  affected,  but 
the  height  of  the  second  peak  is  reduced  and  the  width  increased  with  the 
increasing  abundance  of  the  attaching  gas. 
c .  Discussion 

The  height  of  the  first  peak  of  the  transient  signal  can  be  related  to 
the  density  of  negative  ions  at  the  point  of  laser  irradiation.  Either  of 
the  two  proposed  mechanisms  for  the  ion  decrease  would  give  the  proportion- 
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ality  through  it  may  not  be  linear.  If  electron- induced  detachment  causes 

the  reduction  of  the  negative  ion  signal,  its  reduction  magnitude  can  be 

estimated  from  the  probability  that  the  flux  of  the  detected  negative  ions 

(I)  will  be  reduced  by  detachment  by  Al: 

Al  N*  a  (n  I  a  AV) 

•  «d  PH  PD 

a 

-  -  -  -  — - 

I  AA  AA 

.  2  2 

where  AA  is  the  cross -sectional  area  of  the  skimmer  hole  (-10  cm  ) .  is 

e 

the  total  number  of  photoelectrons,  a  ^  is  the  electron- induced  detachment 

cross  section,  I  is  the  number  of  laser  photons  per  pulse  per  cm2  ( 1017 
PH 

-  2  .  m  j 

cm  )  ,  a  is  the  photodetachment  cross  section  (10  cm  ) ,  AV  is  the 

PD 

interaction  volume  of  the  laser  and  discharge  (-0.2  cm3).  Assuming  that  a 

•d 

is  10  15  cm2  and  that  n  is  1013  cm13  cm  3,  one  obtains  AI/I  -  20%.  This 
value  is  in  the  range  of  experimental  values. 

If  the  decrease  of  negative  ion  signal  is  caused  by  an  increase  of  the 
anode  sheath  due  to  the  presence  of  electrons,  the  effects  are  more  difficult 
to  estimate  and  a  full  model  should  be  developed.  However,  this  mechanism 
seems  to  be  able  to  easier  explain  100%  depletion  observed  in  some  cases. 

As  for  the  features  of  other  two  peaks,  the  proposed  mechanism  appears 
to  be  generally  consistent  with  observations.  The  sudden  increase  of  the 
second  peak  in  the  vicinity  of  the  anode  (Fig.  8)  could  possibly  be  explained 
by  photoemission  of  electrons  from  the  surface  of  the  anode ,  but  in  the  given 
picture  the  laser  light  for  the  last  point  is  well  far  way  from  the  anode  so 
that  the  laser  light  may  not  irradiate  on  the  anode.  Also,  the  electrons 
possibly  produced  by  laser  irradiation  on  the  anode  are  outside  the  sampling 
region  so  that  the  possible  negative  ions  are  not  detected.  Ve  have  deliber¬ 
ately  let  the  laser  irradiate  on  the  anode,  no  signals  are  detected.  There¬ 
fore,  it  is  more  probable  that  the  increase  is  the  result  of  the  locally 
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reduced  mean  electron  energy  resulting  in  an  increased  attachment,  and/or 
more  negative  ions  near  the  anode  that  produce  more  photoelectrons. 

IV.  Concluding  Remarks 

The  results  in  this  paper  prove  possible  to  detect  the  negative  ions 
originating  from  glow  discharges  between  hollow  electrodes.  The  negative 
ions  present  in  the  discharges  of  Cl^  or  HC1  in  are  produced  only  in 
narrow  optimum  ranges  of  gas  pressures  and  discharge  voltages.  This  is 

caused  by  the  reason  that  each  negative  ion  is  produced  only  in  a  narrow 

-  ,  .  18,26,29  ...  .  . 

range  ot  electron  energy  ,  which  occurs  only  in  a  specific  experi¬ 

mental  condition. 

In  the  second  part  of  the  paper  we  present  the  study  of  the  transient 
signals  caused  by  laser-induced  photodetachment  of  negative  ions.  Three 
features  are  observed  in  the  transient  signals  at  the  time  scales  of  electron 
transit,  ion  drift,  and  ion  diffusion.  The  first  peak  is  a  result  of  either 
electron- induced  detachment  or  regeneration  of  the  anode  sheath  by  electron 
pulse.  The  other  two  are  results  of  increased  electron  attachment  and 
depletion  of  the  negative  ion  density  photodetached  by  the  laser. 

The  technique  presented  in  this  paper  could  be  used  for  determining  the 
negative  ion  density  in  gas  discharges.  In  order  to  accomplish  this  goal, 
further  experimental  studies  and  a  detailed  self-consistent  theoretical 
description  are  required.  This  study  will  be  extended  in  the  future. 
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Figure  Captions 


Fig.  1 

Fig.  2 

Fig.  3. 


Fig.  4 


Fig.  5 


Fig.  6 


(a)  Schematic  diagram  of  the  experimental  apparatus,  (b)  Geo¬ 
metrical  dimensions  of  the  electrodes  and  the  laser  beam. 

(a)  Mass  spectrum  for  negative  ions  the  discharge  of  the  Cl^/S^ 
mixture,  (b)  same  but  for  HC1  attaching  gas. 

Dependence  of  the  observed  negative  ion  signal  on  the  discharge 
voltage  for  (a)  Cl  ,  (b)  Cl ^  .  and  (c)  Cl^  ions.  The  gas  pressures 
were  2.8  raTorr  Cl^  in  494  mTorr 

Dependence  of  the  observed  negative  ion  signal  on  the  gas  pressure 
for  (a)  Cl  ,  (b)  Cl^  .  and  (c)  Cl^  ions.  The  Cl^  pressure  was 
fixed  at  2.8  mTorr,  but  variei.  The  applied  voltage  was  fixed 
at  483  V.  At  550  mTorr,  the  discharge  current  was  about  3  mA. 
Dependence  of  the  measured  Cl "  signal  from  the  discharge  of  the 
HCl/N^  mixture  as  a  function  of  (a)  applied  voltage  ( [ HC1 ]  -  11 
raTorr  and  [N^]  -  712  mTorr)  and  (b)  gas  pressure  (V  -  440  V;  [HC1; 
-11  mTorr). 

The  general  shapes  of  the  negative  ion  transient  signals  produced 
from  photodetachment  of  Cl  by  (a)  ArF  and  (b)  KrF  laser  photons. 
There  are  three  distinct  features:  (1)  a  depletion  on  electron 
transit  time  scale,  (2)  an  increase  on  ion  drift  time  scale,  and 
(3)  a  depletion  on  ion  diffusion  time  scale.  The  applied  voltage 
was  580  V.  For  ArF  laser,  the  gas  pressures  were  3.3  mTorr  Cl^  in 
717  mTorr  ,  the  gap  between  the  electrodes  was  1.8  cm,  and  the 
discharge  current  was  3  mA.  For  KrF  laser,  the  gas  pressures  were 

3.3  mTorr  Clj  in  817  mTorr  ,  the  gap  between  the  electrodes  was 

1.4  mm,  and  the  discharge  current  was  2  mA. 
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Fig.  7. 


The  dependence  of  the  heights  of  the  the  three  features  in  the 
transient  signals  on  the  ArF  laser  power.  The  1,  2,  and  3  re¬ 
present  the  three  peaks  as  shown  in  Fig.  6a.  The  data  were  taken 
under  an  experimental  condition  similar  to  those  in  Fig.  6a. 

Fig.  8.  The  maximum  value  (circle)  and  the  halfwidth  (triangle)  of  the 

second  peak  in  the  transient  signal  of  Cl  as  a  function  of  the  ArF 
laser  irradiation  position  between  the  electrodes.  The  distance 
was  measured  from  the  cathode.  It  is  believed  that  there  is  a 
proportionality  between  the  signal  and  the  negative  ion  density  at 
the  point  of  laser  irradiation.  The  experimental  conditions  were 
essentially  similar  to  those  in  Fig.  6  for  the  ArF  laser. 

Fig.  9.  (a)  Cl  ion  signals  (second  peak)  increased  by  ArF  laser  irradia¬ 

tion  of  discharge  media  of  Cl^  in  as  a  function  of  the  applied 
discharge  voltage.  (b)  The  width  of  the  increased  Cl  signal  as  a 
function  of  the  applied  voltage.  The  experimental  conditions  were 
same  as  those  in  Fig.  6  for  the  ArF  laser,  except  for  that  the  gas 
pressure  was  787  mTorr.  The  current  increased  from  2  to  4.3  mA 
when  the  voltage  changed  from  359  to  600  V.  The  data  were  repeat¬ 
edly  taken  at  different  times,  for  which  the  data  taken  in  a  short 
period  were  plotted  with  a  same  symbol . 
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Excimer 


Counts  (1000) 


Mass  Number 


Ft  * 


100 


